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ABSTRACT

The intrusion of chlorides and carbon dioxide into a reinforced concrete (RC) structure can
initiate corrosion of the reinforcing steel, which, due to its expansive nature, can damage
the structure and adversely affects its serviceability and safety. Corrosion will initiate if at
the steel surface the concrete free chloride concentration exceeds a defined limit, or its pH
falls below a critical level. Hence, determination of the time to reaching these critical limits

is key to the assessment of RC structures durability and service life. Due to the ionic nature
of the chlorides and the bicarbonate anion (HCO, ) formed by the CO: in the multi-ionic

pore solution, the transport of both species is driven by Fickian diffusion combined with
electromigration and ionic activity, which can be mathematically expressed by the Nernst-
Planck-Poisson (NPP) equations. For a complete representation of the phenomenon,
however, the NPP equations must be supplemented by the relevant chemical equilibrium
equations to ensure chemical balance among the various species within the concrete pore
solution. The combination of NPP with the chemical equilibrium equations is often termed
the NPP reactive transport model. In this study, such a model is developed, coded into the
MATLAB platform, validated by available experimental data, and applied to analyze the
time-dependent concrete carbonation and the movement of chlorides in carbonated and
non-carbonated concrete. The results of these analyses can be used to predict the time to
corrosion initiation. The transient one-dimensional governing equations of NPP are
numerically solved using the Galerkin’s finite element formulation in space and the
backward (implicit) Euler scheme in the time domain. The associated system of chemical

equilibrium equations accounts for the key homogeneous and heterogeneous chemical



Feras Alsheet McMaster University
Ph.D. Thesis Dept. of Civil Engineering

reactions that take place in the concrete during carbonation and chlorides transport. At each
stage of the analysis, the effects of these reactions on the changes in the pore solution
chemical composition, pH, cement chloride binding capacity, concrete porosity, and the
hydrated cement solids volumetric ratio are determined. The study demonstrates that given
accurate input data, the presently developed NPP reactive transport model can accurately
simulate the complex transport processes of chlorides and CO- in concrete as a reactive
porous medium, and the ensuing physical and chemical changes that occur due to the
reaction of these species with the pore solution and the other cement hydration products.
This conclusion is supported by the good agreement between results of the current analyses
with the corresponding available experimental data from physical tests involving

carbonation, and chloride diffusion in non-carbonated and carbonated concrete.
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CHAPTER 1
INTRODUCTION

1.1 BACKGROUND AND MOTIVATION

Reinforced concrete (RC) is the most common material for constructing bridges,
buildings, roads, dams, and other elements of modern infrastructures. Although concrete is
generally a resilient and durable material in non-aggressive environments, the corrosion of
the steel reinforcement in RC structures in aggressive environments damages and degrades
RC structures (Papadakis et al. 1991), impairs their serviceability and endangers their
safety. To avoid these problems, timely repair and rehabilitation works must be undertaken.
Repairing the damage is costly, but lack of it can create greater economic losses and
inconvenience for the infrastructure users. To undertake the necessary and timely
repair/rehabilitation work, accurate prediction of the time to corrosion initiation is critical.
Accordingly, the current research is aimed at the development of a theoretically robust

method for estimating the time to corrosion initiation in RC structures exposed to chlorides

(CI™) and carbon dioxide (COz) or their combination.

1.2 COMMON CAUSES OF REINFORCEMENT CORROSION

Normally, the passive rust layer formed on the steel rebars surface protects them
from further corrosion, particularly in the high pH (>12) environment of concrete pore
solution. However, corrosion can be initiated by either the drop in pH due to carbonation

1
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or by sufficient accumulation of ClI™ at the surface of the rebars. The CI™ in concrete
originate from exposure to sea water or to deicing salts, with the latter being applied in cold
regions to prevent ice formation on roads and bridges (Papadakis et al. 1991). Also, older
structures may contain calcium chloride as a chemical additive. The CO. gas from the
atmosphere enters concrete and dissolves in the concrete pore solution, forming carbonic
acid. The acid reacts with the calcium hydroxide, Ca (OH)2, termed Portlandite in cement
chemistry, in the concrete pore solution to form calcite. Since concrete owes its high
alkalinity to Portlandite, the consumption of the latter by carbonation causes a drop in the
concrete pH and furnishes the conditions for steel depassivation and corrosion (Papadakis

etal. 1991).

Chloride ions, on the other hand, diffuse in concrete through the pore solution and
eventually accumulate at the steel reinforcement level. Once the concentration in the pore
solution at the steel surface reaches a predefined critical level or threshold, the passive layer
breaks down and corrosion commences (Hirao et al. 2005). Thus, to properly estimate the
time to corrosion initiation in concrete, one needs to accurately model the CO, and
chlorides transport processes and the changes that they instigate in the concrete physical
and chemical properties. Additionally, there is experimental evidence (Suryavanshi and
Narayan Swamy 1996; Gofii and Guerrero 2003; Geng et al. 2016; Zibara 2001) regarding
the interaction between the two phenomena wherein carbonation can destabilize the bound
chlorides and release them into the pore solution. It is important to mention that a part of
the total chlorides that enter concrete is chemically bound or physical absorbed by the

cement hydration products while the remaining part stays free in the pore solution. The two

2
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are commonly termed bound and free chlorides, respectively, and it is the exceedance of
the free chlorides concentration above the threshold that initiates corrosion. There is no
general agreement about the precise magnitude of this threshold, but further discussion of
it is beyond the scope of the current work. Note, carbonation changes the chemical and
physical properties of concrete (Papadakis et al. 1991; Jeong et al. 2019), which adversely
affect its chloride transport properties. Thus, modeling of this interaction is necessary for
accurately predicting the time to corrosion initiation where both agents can enter concrete.

However, it is important to mention that carbonation and chloride diffusion may not occur
concurrently due to the difference in the rate of diffusion of CO2 and Cl ™, and the inability
of CO: to diffuse in fully saturated concrete, a condition that is more favourable for the

Cl™ transport.

1.3 MODELLING OF CHLORIDES AND CARBON DIOXIDE
CHEMICAL REACTIONS

The transport of Cl~ and CO: involves chemical interactions with the pore solution
and with the solid phases of cement hydration products (Papadakis et al. 1991; Samson and
Marchand 2007b). The chemical interactions can be modeled using either kinetics of the
reactions (Papadakis et al. 1991), or via chemical equilibrium equations. (Thiery 2005;
Samson and Marchand 2007b). The interactions affect the concentration of ions and solids

in the pore structure and thus change the chemical and transport properties of the medium.
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The ingress of Cl™ in concrete will slow down due to chloride binding. The binding
can be attributed to physical and chemical mechanisms (Glass et al. 1997). Physical binding
occurs when chloride ions are adsorbed on to the surface of the Calcium-Silicate-Hydrates
(CSH) phase in hydrated cement (Hirao et al. 2005). This type of binding is believed to be
weak (held by Van der Waal forces) and unstable, hence it can be ignored (Samson and
Marchand 2006). Chemical binding is the result of the exchange between the sulfate ions
in the Monosulfate (AFm) solid phase in hydrated cement and the chloride ions, leading to
the production of Friedel’s salt (FS). In the current study, the latter will be treated as the

principal binding mechanism.

Two methods are used in the literature to quantify CI~ binding: (i) applying
empirical binding isotherms and (ii) using solidification/precipitation reactions. The most
common types of isotherms are the Freundlich and Langmuir isotherms (Hirao et al. 2005),
which relate the bound and free chloride by defined mathematical functions with unknown
parameters . The functions must be fitted to experimental data to obtain values of these
parameters. The second method follows the dissolution/precipitation reactions of FS in the
concrete and quantifies binding based on the fundamental laws of chemistry. Thus, the
latter method is adopted in the current work because it is more universal (Papadakis et al.
1991) and can cater to changes in the chemistry of pore solution due to changes in cement

composition or the addition of supplementary cementitious materials.
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1.4 MODELLING TRANSPORT OF CHEMICAL SPECIES IN
CONCRETE AS A POROUS MEDIUM

Traditionally transport of CO. and Cl™ in concrete has been modelled as a Fickian
diffusion process, which is represented by Eqg. 1.1 in one-dimension and is known as Fick’s
second law of diffusion (Collepardi et al. 1970; Morinaga 1988; Takewaka and Mastumoto
1988; Saetta, et al. 1993; Uji et al.1990; Purvis and Babaei 1993; Gautefall and Vennesland

1994 ; Chatterji 1994a; Isgor and Razaqpur 2004)

oc 0 (acD
—=—|D| = (1.1)
ot 8x[ OX

where D is the apparent diffusion coefficient (m?sec), ¢ is the chloride or CO-
concentration (mol/m?), xis the distance measured from a reference surface (m) and t is
time (sec).

The Fickian model lumps the chemical interactions of diffusing species with the
concrete physical properties, such as its porosity and tortuosity, via the apparent diffusion
coefficient, which is phenomenological and questionable in the case of multi-ionic
solutions. It also makes no distinction between the transport of ionic and molecular species.
Fick’s model does not account for ionic movement by other modes of transport, e.g.,
electromigration, which can be significant in the case of the cement/concrete multi-ionic
pore solution, depending on the nature and concentration of the ions involved.

On the other hand, a more advanced model considers the interaction between the ions in

the pore solution and their chemical activity effect on the transport of the diffusing species.
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The Nernst-Planck (NP) equation shown below includes the latter modes of transport

(Samson and Marchand 2007)

. . 7.F In v
%zg D, o + ——C; dy + G dlny JrDLcia—W +r (12
ot oOx OX RT ~ dx dx OX
—_— | — —_—
molecular  electromigration  chemical activity advection

where ¢, , Z; and y;, respectively, are the concentration, valence number and activity

coefficient of species i, F is Faraday constant = 96,488.46 (C/mol), R is the ideal gas

constant = 8.3143 (J/mol/K), T is temperature of the solution (K), y is the electric potential
(V), I;: source/sink term, accounting for the production/consumption of species 1, and
D, is the water diffusivity coefficient (m/s?). To solve for the electrical potential vy in Eq.

1.2, it is supplemented by the Poisson’s equation as follows
i(rwd—wj+iw(§ zicij:O (1.3)
dx dx & i=1
where ¢ (C/V/m) is the medium permittivity, n is the total number of species involved and
7 is the tortuosity of concrete. The system of Egs. 1.1 and 1.2 represents the Nernst-Planck-
Poisson (NPP) transport model. When the NPP model is coupled with the system of
equations governing chemical equilibrium in the concrete, the combined system is termed
the NPP reactive transport model.
For correct modelling of carbonation, one must also model water movement in
concrete because carbonation occurs in unsaturated concrete and the carbonation reactions

result in the production of moisture (Papadakis et al.1991). Thus, the NPP equations must
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be supplemented by Richard’s equation (Taigbenu 1999) to track moisture distribution in

unsaturated concrete. Other factors that can affect the ingress of ClI~ and CO> in concrete
include the ambient temperature (Saetta and Vitaliani 2005; Samson and Marchand 2007a;
Alsheet and Razaqpur 2018), surface concentration of chloride ions (Alsheet and Razagpur
2018), and the chemical composition of the applied salt (Alsheet and Razagpur 2020). In
reality, the surface chloride concentration can vary seasonally as deicing salts are applied
to the concrete surface in the winter only. Modeling heat transfer in concrete may be also
important as the temperature varies daily and annually. Furthermore, the diffusion
coefficient is function of temperature and their relationship is governed by the Arrhenius
law (Martin-Pérez et al. 2000, Isgor and Razagpur 2004). The temperature also affects the
concrete chloride binding capacity. As stated by Isgor and Razagpur (2004), neither the
carbonation nor the chlorides reactions affect the concrete temperature, hence the
temperature analysis can be independently performed, and its result can be used as input
into the NPP reactive transport model. The governing mode of heat transfer in concrete is
conduction, which is governed by Fourier’s law of heat transfer in concrete, and it can be
easily included in the analysis as its governing differential equation has the same form as
the one governing Fick’s second law of diffusion.

Detailed analysis of the temporal change of temperature and surface chloride
concentration was performed as part of the current research (Alsheet and Razagpur 2018)
and is shown in Appendix-A. The chemical composition of the utilized deicing salt has
significant effect on the transport of the chloride ion as it affects the physical and chemical

properties of concrete (Alsheet and Razagpur 2020; Suraneni et al. 2017). However, this
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phenomenon can be accounted for by the reactive transport models through the inclusion

of the relevant chemical equilibrium equations.

1.5 RESEARCH OBJECTIVES

The main objective of this dissertation is to develop a robust numerical procedure, based
on the Nernst-Planck-Poisson reactive transport model, that can accurately predict the time
to reinforcing steel corrosion initiation due to the ingress of carbon dioxide, chloride salts

or their combination in Portland cement reinforced concrete.

More specifically, it is aimed to accomplish the following goals:

1) Modelling of chlorides ingress in concrete by the Nernst-Planck-Poisson reactive
transport model and determining the spatial and temporal variation of the free chloride
concentration in the concrete as well as the effects of the chloride ions on the concrete

physical and chemical properties .

2) Modelling by the Nernst-Planck-Poisson reactive transport model the CO; ingress in
Portland cement concrete and the ensuing carbonation process to determine their effects
on the pore solution chemistry, including its pH, the hydrated cement solid phases volume

fraction, and the concrete porosity,

3) Modelling by the Nernst-Planck-Poisson reactive transport model chloride ingress in
pre-carbonated concrete, the ensuing chemical interactions and determining their effects on
the concrete physical and chemical properties, including its pore solution pH, solid phases

volumetric ratio, porosity and chloride binding capacity.
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This research will include writing of computer programs within the MATLAB platform
and the numerical solution of the governing differential equations by finite element,
formulated on the basis of the Galerkin’s weighted residual method. The research will not

involve any other analytical work or physical tests.

1.6 ORGANIZATION OF THE DISSERTATION

This dissertation comprises five chapters:

e Chapter 1 presents the motivation and objectives of the dissertation as well as
background information pertaining to the research program.

e Chapter 2 contains modeling the chloride ions reactive transport in the concrete. It
quantifies the contribution of molecular diffusion, electromigration, and chemical
activity to the transport of the chloride ions and the changes in the volumetric ratios
of the different phases in the hydrated cement. Moreover, it shows the effect of
different types of deicing salts on the concentration of the hydrated cement solid
phases, the pore solution and its pH, and porosity of concrete.

e Chapter 3 deals with modeling of the concrete carbonation process as a reactive
transport phenomenon. The detailed chemical equilibrium equations of carbonation
are considered to accurately capture the effect of carbonation on the concrete pH,
pore solution chemical composition, hydrated cement solid phases volumetric

ratio, and the transport properties of concrete. To the writer’s knowledge, concrete
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carbonation has not been previously modelled by the NPP reactive transport model
as done here.

e Chapter 4 presents the reactive transport model for chloride movement in pre-
carbonated concrete and the physical and chemical interactions that occur during
this process. To the writer’s knowledge, this type of modelling the combined
effects of carbonation and chloride ingress on the concrete physical and chemical
properties has not been previously reported in the open literature.

e Chapter 5 presents the dissertation summary, major conclusions, and
recommendations for future research.

e Appendix - A presents modeling the effect of temporal change in temperature and
surface chloride concentration on the chloride binding capacity and chloride
transport in concrete. In this analysis, chloride diffusion is modelled by Fick’s
second law of diffusion.

e Appendix - B provides a walkthrough of the core computer program used in the
research. It explains its objectives, input, and output. This appendix also includes

sample input and output for the chloride transport problem.

It should be noted that although each chapter presents a standalone journal manuscript,
Chapters 2, 3, and 4 collectively describe a cohesive research program as outlined in
Chapter 1 of the dissertation. Nonetheless, for completeness of the standalone
chapters/manuscripts, some overlap exists, including the finite element formulation of

Nernst-Planck-Poisson’s equation and some of the chemical equilibrium equations.

10
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1.7

MAJOR CONTRIBUTIONS

Chapter 2: In the past, most researchers have applied Fick’s 2nd law to model chloride
and carbon dioxide ingress in concrete. This law accounts for transport due to the
difference in the concentration of the diffusing between two points in the medium.
However, it is well known that other modes of transport also exist. The Nernst-Planck
(NP) model accounts for these additional modes, including electromigration, chemical
activity, and advection. When applying the NP model, in most studies it has been
implemented under the assumption of electroneutrality and/or null current, which is
a special case of Poisson equation, which relates the electric potential to charge
density. Only a few researchers in the field of concrete have solved the fully coupled
the NP- Poisson (NPP) equations. In this work the fully coupled NPP equations are
solved. Using the NPP model, the contribution of each mode transport to the total
chloride transport in concrete was quantified. To the writer’s knowledge, this type of
quantification, based on NPP, has not been reported in the past.

Chapter 3: Review of literature reveals that most researchers have assumed CO2
transport in concrete as a Fickian process. Only one researcher has modelled the
process by applying the NP equation under the assumption of electroneutrality. A
novelty of the present work is the coupling of the NP equation with the Poisson
equation without the a priori imposition of the electroneutrality assumption. Also, in
previous studies, either the chemical interactions among the different species in
concrete were ignored or partially included. In the current work, the detailed

interactions between the chemical species are modelled. Moreover, the operator

11
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splitting approach is applied to separate the transport processes from the chemical
interactions, which allows for the inclusion of complex chemical reactions in the
model without affecting the numerical stability of the overall solution.

e Chapter 4: Available literature shows some numerical models that deal with combined
chloride diffusion and carbonation. Some researchers used the traditional Fickian
diffusion model while others applied the Nernst-Planck (NP) transport model under
the assumption of electroneutrality. Irrespective of the type of transport model, they
applied semi-empirical isotherms to model the chloride binding. In some cases, the
binding isotherm parameters were also empirically adjusted to account for the effects
of carbonation. In the current study, chloride binding is modeled following chemical
equilibrium by the formation of Friedel’s salt by ion-exchange mechanism. The effect
of carbonation on chloride ions diffusion is considered by modifying their diffusion
coefficient as function of the reduction in concrete porosity and/or degree of moisture
saturation induced by carbonation. The chemical equilibrium among the various
species within the concrete pore solution is satisfied and the change in the species
concentration caused by chloride diffusion or carbonation is quantified. Moreover, the
change in concrete porosity is evaluated by tracking the changes in the solid phases
volume due to the chemical reactions within the concrete pore structure. The writer
believes that the fundamental approach developed in the current work is new, it
minimizes empiricism, and it can be extended to the chemical interaction among other
species during their transport in concrete, such as combined chloride and sulfate

attack.

12
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CHAPTER 2

QUANTIFICATION OF ELECTROMIGRATION AND CHEMICAL
ACTIVITY EFFECTS ON THE REACTIVE TRANSPORT OF
CHLORIDE IONS IN THE CONCRETE PORE SOLUTION

2.1 ABSTRACT

The Nernst-Planck-Poisson (NPP) and a modified Fick’s diffusion models, including the
reactions among the chemical species within the concrete pore solution, are implemented
in a one-dimensional finite element program. The program results are validated by
comparison with available experimental data in the literature. The effect of the modelling
method on chloride concentration, concrete pH and changes in the concrete pore solution
composition are investigated. It is demonstrated that among the three diffusion modes
captured by the NPP model, molecular diffusion dominates chloride diffusion in concrete
followed by electromigration while the chemical activity gradient has negligible effect.
Based on the model results, it is determined that for accurate and efficient prediction of
concrete salt concentration, pH and changes in its chemical composition engendered by the
diffusion of salts, the full NPP model must be used rather than the Fick’s model even though
the former is theoretically more complex and computationally more resource intensive than

the latter.
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2.2 INTRODUCTION

Deicing salts are used in cold regions to lower the freezing temperature of water and prevent
ice formation on roads for improved driving conditions and higher safety. One of the main
constituents of these salts is the chloride ion which induces significant damage in reinforced
concrete structures by de-passivating the steel reinforcement and accelerating its corrosion.
Similarly, chlorides from sea water entering concrete accelerate reinforcement corrosion in
seaside and offshore concrete structures.

Chlorides permeate concrete primarily by diffusion via the concrete pore solution, a
phenomenon that is commonly modelled using Fick’s second law, expressed for one-
dimensional diffusion as Eq. 2.1 (Collepardi et al. 1970; Morinaga 1988; Takewaka and
Mastumoto 1988; Saetta et al.1993; Uji et al. 1990; Purvis and Babaei 1993; Gautefall and

Vennesland 1994 ; Chatterji 1994a; Isgor and Razagpur 2004)

oc 0 (acD
—=—|D| = (2.1)
ot ax( OX

where D is the apparent diffusion coefficient (m?/sec), ¢ is the chloride concentration
(mol/m3), xis the distance measured from a reference surface (m) and t is time (sec).

This law makes no distinction between the diffusion of charged ions and uncharged
molecules and is theoretically suitable for modelling molecular diffusion only because it
ignores the effect of the electrostatic field created by the ions on their transport in an
electrolyte such as the concrete pore solution. The movement of ions in a solution under
the influence of an electric field is termed electromigration. Since the concrete pore solution

and seawater contain several ionic species, including chlorides, theoretically their
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electrochemical interactions are expected to affect the chloride concentration and
penetration depth in concrete members. Note, electromigration is not only affected by the
magnitude of the charge of the ions but also by size of their hydrated radius, a phenomenon
represented by the concept of ionic mobility (Moore 1972).

The exceedance of the free chloride concentration above a predefined threshold in the
concrete adjacent to the reinforcing steel is commonly used as the criterion for corrosion
initiation and the end of service life (Monteiro et al. 1985). There is no general agreement
about the magnitude of this threshold, but further discussion of it is beyond the scope of
the current work. Note, the end of service life means without extensive repair/rehabilitation
the structure may not be able to function at the end of this period.. To determine
analytically/numerically the free and chemically bound chloride proportions in concrete,
the common practice is to apply an empirical chloride binding isotherm (Tang and Nilsson
1993) in conjunction with Fick’s diffusion law. The accuracy of the results of this approach
depends on the accuracy of the values of the empirically obtained diffusion coefficient and
the relevant parameters of the adopted isotherm. Besides the free chloride content, another
key factor that governs corrosion of reinforcing steel is the concrete pH (Bertolini et al.
2004), which cannot be determined using models based on the traditional Fick’s law.
Consequently, the accuracy of Fick’s law in its classical form for predicting corrosion
initiation needs more rigorous assessment.

To model the effects of the foregoing phenomena on concrete free chloride concentration
and pH and on corrosion initiation, one can apply the multi-ionic Nernst-Planck-Poisson’s

(NPP) model as it can tackle the aforementioned phenomena in a systematic and
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comprehensive manner (Chatterji 1994b; Samson and Marchand 1999) and without
resorting to too much empiricism. For gaining greater insight into the chemical interactions
among the various species in the concrete pore solution and to get a more accurate estimate
of the chloride binding, the NPP transport model can be supplemented by the laws of
conservation of mass and charge governing the various species involved in the chemical
reactions and mass transport within the concrete pore solution. Clearly, using such NPP
chemical reactive transport model is much more difficult to apply on a routine basis due to
the need for more detailed input data and the numerical difficulties associated with the
solution of the governing equations, but ultimately the question that needs to be answered
is whether the application of the latter model is justified in all situations or is only necessary
in special cases. The answer to this question is part of the focus of the current investigation.
Research on the NPP model with application to chloride diffusion in concrete has been
conducted by many researchers in the past and a summary of the more recent works is
presented in Table 2.1. It can be observed that all the researchers referred to in Table 2.1
(Li and Page 2000; Wang et al. 2005; Szyszkiewicz-Warzecha et al. 2016; Johannesson et
al. 2007; Damrongwiriyanupap et al. 2013; Truc et al. 2000; Yu et al. 2015; Samson and
Marchand 2007; Pivonka et al. 2007; Krabbenhoft and Krabbenhoft 2008; Xia and Li 2013)
have considered molecular diffusion and electromigration in their numerical models, but
they have either ignored electroneutrality and chemical equilibrium in the pore solution or
have used different approaches to account for them. To determine the electrostatic field
generated by the ions in the pore solution, the Nernst-Planck (NP) equation need to be

coupled with the Poisson’s equation. Some researchers have solved the coupled NP-
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Poisson’s equations (Samson and Marchand 2007; Yu et al. 2015; Szyszkiewicz-Warzecha
et al. 2016), others have introduced the requirements of the Poisson’s equation via the
imposition of the electroneutrality condition (Li and Page 2000; Damrongwiriyanupap et
al. 2013; Johannesson et al. 2007; Truc et al. 2000; Pivonka et al. 2007; Krabbenhoft and
Krabbenhoft 2008; Xia and Li 2013; Wang et al. 2005) or by the imposition of null current
constraint (Truc et al. 2000). In the current investigation, the Poisson’s equation will be
directly incorporated into the system of governing equations of the problem without
resorting to simplifying assumptions.

Due to the differences among the diffusion coefficients of the various ionic and molecular
species within the concrete and the presence of numerous chemicals within the
cementitious paste, chemical reactions occur among the species, resulting in the formation
of new phases. Some researchers (Truc et al. 2000; Li and Page 2000; Wang et al. 2005;
Damrongwiriyanupap et al. 2013) have modeled these reactions by the artful device of
binding isotherms, which is an empirical method and is based on the a priori presence of
certain ions within the concrete. Others (Johannesson et al. 2007; Samson and Marchand
2007; Yu et al. 2015) have relied on rigorous chemical equilibrium equations to represent
reaction and the interaction between the ions in the pore solution and the solid phases in
the concrete. In the present study, a rigorous chemical reactions module is included in the
model and its utility will be demonstrated by analyzing the effects of different salts on

chloride diffusion and binding.
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2.2.1 Governing Equations of the Problem
Samson and Marchand (Samson and Marchand 1999, Samson and Marchand 2007; Samson
and Marchand 2006; Samson et al. 2003), among others, have presented the governing

equation of non-advective chloride transport in concrete as

%zg Di % + icid_l// + Cidln)/i _|_ri
ot oXx OX RT ~ dx dx
| ———— —_—

molecular  electromigration  chemical activity

2.2)

where ¢, , Z; and ;j, respectively, are the concentration, valence number and activity

coefficient of species i, F is Faraday constant = 96,488.46 (C/mol), Ris the ideal gas

constant = 8.3143 (J/mol/K), T is temperature of the solution (K), i is the electric potential
(V), I, : source/sink term, accounting for the production/consumption of species 1 .

The electromigration term in Eq. 2.2 accounts for the interaction between the various ions
diffusing through the concrete pore solution and the effect of their electric fields on each
other’s diffusion. The electric potential satisfies the thermodynamic equilibrium of the
system by regulating the movement of the charged species. Furthermore, as indicated by
the chemical activity term in Eq. 2.2, the diffusion rate also depends on the diffusing ions
chemical activity, which is a measure of the effective concentration of an ion in the solution.
Hence, the NP model accounts more accurately than the Fick’s model for the phenomena
which govern the transport of multi-ionic species in concrete. However, unlike the Fick’s
model which lends itself to relatively simple closed-form solution, the NP model requires

significantly more effort to obtain a solution. Theoretically the NP model seems more
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accurate, but practically the extent of this accuracy is not evident. Consequently, in this
study the extent of the deviation of a somewhat improved Fick’s model results from those
given by the NP model will be investigated.

For a solution containing i (i =1,n) ionic species, Eq. 2.2 can be applied to each species at

a time, thus generating n equations, but due to the presence of the electric potential term,
there will be (n+1) unknowns. Therefore, to obtain a unique solution another relation is
necessary among the unknowns of the problem. The required extra relation can be obtained
by utilizing the Poisson’s equation (i.e. Gauss's law or Maxwell's first equation for the
electric field, in the current context) which relates the electric potential to the charge

distribution as (Christopher and Shipman 1968)

d% F
—+_
dX2 (

>i2¢)=0 (2.3)
where g is the permittivity of the medium, given by the multiplication of the dielectric
constant of the medium by the permittivity of the vacuum (C?/N/m?).

The set of Egs. 2.2 and 2.3 provides a system of nonlinear equations, referred to as Nernst-
Planck-Poisson’s (NPP or PNP) model or equation, that can capture the effects of key
parameters on the diffusion of one or several types of molecules and ions in concrete
(Samson and Marchand 1999; Johannesson et al. 2007; Sergi et al. 1992; Chatterji 1994b).
In ionic solutions, the charge concentration is not uniform throughout the solution;
therefore, the solution in the electrode vicinity is distinguished from the bulk solution

(Newman and Thomas-Alyea 2004). Given the assumption of non/low reactive solution,

the bulk solution is approximated as electrically neutral and the electroneutrality is enforced
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via Eq. 2.4 below. Moreover, the current density due to movement of charged species, ic,

is expressed by Eq. 2.5.
2z =0 2.4)

iC: FZI Zi‘Ji (25)

These assumptions are a simplification of the original intent of the Poisson’s equation. The
application of Poisson’s equation is mandatory in the electrode vicinity where
electroneutrality is violated. However, due to the stiff nature of the Poisson’s differential
equation, and to avoid numerical stability problems, researchers (Truc et al. 2000;
Damrongwiriyanupap et al. 2013; Krabbenhoft and Krabbenhoft 2008; Li and Page 2000;
Johannesson et al. 2007) in the area of chloride diffusion have adopted Eqgs. 2.4 and/or 2.5
without loss of accuracy because diffusion occurs in the bulk solution and there are no
electrodes involved. In addition, many researchers (Trucet al. 2000; Krabbenhoft and
Krabbenhoft 2008; Chatterji 1994a; Lorente et al. 2007; Damrongwiriyanupap et al. 2013;
Li and Page 2000; Wang et al. 2005; Johannesson et al. 2007; Szyszkiewicz-Warzecha et
al. 2016) have ignored the chemical activity gradient term in Eg. 2.2 to simplify the
problem. The validity of the latter simplification will be examined in the current
investigation.

The chemical activity coefficient can be evaluated using various chemical models, varying
in complexity from simple (e.g. Debye-Hickel, and Davies (Moore 1972)), to complex
(e.g. Pitzer (Pitzer 1991)). The Modified Davies relationship in Eq. 2.6 is reported to yield
good results for a wide range of ionic strengths (Samson et al. 1999), thus it is adopted in
the current research.
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Ji o (02-417a0”1)1

1+aBJ1 /1000

Iny, = Az} (2.6)

where | is the ionic strength (mM) given by Eq. (2.6a), A and B are temperature dependent
parameters given by equations Egs. (2.6b) and (2.6c), and & is a fitting parameter (m)

whose value for common ions in concrete is shown in Table 2.2.

| =053, z°C, (2.62)
A= ﬂ 2.6b
87 (sRT)Y? (&0

[oE2
B= ZRLT (2.6¢)
g

where € is the electric charge of one electron 1.602x10™° C.

Previous researchers (Galindez and Molinero 2010; Marchand and Samson 2009) have
compared results of Fick’s and NPP models, but a detailed examination of the literature
review reveals that the contribution of each term in Eq. 2.2 to the concentration profiles of
ions and solid phases has not been adequately assessed. In the current study, a finite element
model is developed and implemented following Samson et al. (Samson and Marchand
2007), but they used the closed-form solution of Fick’s equation in conjunction with an
empirical coefficient for the diffusion component of chloride transport in the cement paste
(Marchand and Samson 2009). On the contrary, as shown later, in the current study, the
diffusion coefficient of each species is selected/assigned individually based on their
diffusion properties in a solution. This enables one to model the diffusion of each species
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separately without being influenced by the presence of the concomitant species. Based on
this procedure, the traditional Fick’s modelled is modified to find the concurrent diffusion
of several species in the concrete pore solution. Although Samson et al. also investigated
the companion ions effect on the ions transport, they did not study this effect in the specific
case of chloride diffusion. Hence, in this study the effects of different chlorides salts on the
pH, solid phases, and chloride concentration profile are investigated. It should be
mentioned that (Galindez and Molinero 2010) also used an average diffusion coefficient
for all the species when applying the Fick’s model.

Accurate evaluation of the free chloride concentration in the concrete at its interface with
the steel reinforcement is necessary to predict the corrosion initiation period. The
concentration is commonly determined using Fick’s second law with an empirical diffusion
coefficient. Although this is simple and convenient, it does not reflect the effects of other
phenomena on diffusion of chlorides in concrete. A more accurate but complex model for
non-advective chloride transport in saturated concrete is represented by the Nernst-Planck-
Poisson’s (NPP) equation. Here, a modified Fick’s model is applied to chemically reacting
multi-species diffusion and its results are compared with those of the NPP model.
Furthermore, the relative contribution of diffusion, electromigration and chemical activity
gradient on diffusion of three types of salt is investigated. It is discovered that Fick’s model

may lead to inaccurate the estimation of the concrete free chloride content.

2.3 THEORETICAL BASIS OF THE ADOPTED MODEL

The system of Egs. 2.2 and 2.3 is strictly applicable to diffusion in chemical solutions.

However, concrete is considered as a reactive porous medium; consequently, the latter
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equations need to be modified to account for the characteristics of concrete. Accordingly,
following (Samson and Marchand 2007), the modified equations based on mass balance

can be written as

a(WSCiS) N 8(Wci) 8 D dCi " ZiF dl// LG d In ]/i

—-—|wh;| — ¢ —— i +wr, =0
ot ot OX dx RT ~ dx dx
| —— |
molecular  electro—migration  chemical activity
(2.7a)
d d F (&

—(rw—l/jj + —W(Z zicij =0

dx dx /] ¢ \ia (2.7b)

where c; is the concentration of the solid phase (mol/m®), W is the volumetric solid phase
content (m%/m?), w is the volumetric water content (m3/md), z is apparent tortuosity of the
concrete pore structure, which includes the effect of tortuosity and constrictiveness of the
porous medium, N is the number of species, and T is the source/sink term to account for
chemical production/consumption of species | .

The diffusion coefficient for the porous medium can be written as (Shackelford and Daniel

1991; Samson and Marchand 2007)

_ .o
where, Dio is the diffusion coefficient of species I in free-water (m?/sec). Value of Dio for
OH, Na, K, SO4, Ca, CI, and AI(OH)4 used in the current investigation are 107 times 5.27,

1.33, 1.96, 1.07, 0.792, 2.03, 0.54 m?/s, respectively (Rumble et al, 2019), P(D)is a

27



Feras Alsheet McMaster University
Ph.D. Thesis Dept. of Civil Engineering

coefficient that reflects the effect of the medium porosity change (due to
dissolution/precipitation of solids) on diffusion, given as (Samson and Marchand 2007)
e4.3¢/vp
P(D)=

REV 29

where @, is the initial porosity of concrete , ¢ is the porosity of concrete at a given age, per

Eg. 2.10, and Vp is the volumetric paste content (m3/mq) of concrete

M ..
¢=do+ 3 (Vo' Vi
m=1 (2.10)

InEq. 2.10, V," and V,,, respectively, are the initial and instantaneous volumetric content

of a given solid phase (m3/m?%), and M is the total number of solid phases. The above
procedure is used to find the diffusion coefficients for both the Fick’s and NPP model.

Local chemical equilibrium can be assumed at each point in the medium for the majority
of ionic transport problems (Barbarulo et al. 2000). This allows one to separate the physical
transport of the ions from the chemical equilibrium. This yields the conservation of mass

as Eq. 2.11:

o(Wwc; ) . .
M_g WDi dC' + ZlF Ci d"” + CiM — - —
ot OX dx RT ~ dx dx ot

molecular  electric coupling  chemical activity

(2.11)
in which the right-hand terms can be evaluated in a separate chemical module and solved

after solving the physical transport problem represented by the left-hand side of Eq. 2.11.
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This is known as the operator-splitting approach and was applied due to its computational
and modeling efficiencies (Yeh and Tripathi 1989). The validity of the local equilibrium
assumption in concrete was established by Samson et al. (Samson and Marchand 2007),
which justifies its implementation in the present formulation. Moreover, this assumption
allows the use of a set of algebraic equations to enforce the chemical equilibrium rather
than using the kinetics of reactions.

The implementation involves two computational modules which can be applied
sequentially with (SIA) or without iteration (SNIA) between the transport and chemical
modules. The SNIA was selected here due to its computational advantages and yielding

good results for judiciously selected time steps.

2.3.1 Chloride Binding

Once chlorides enter concrete, they are partly bound by the other chemical species present
in the concrete. Many researchers (Truc et al. 2000; Nilson 2008; Saetta et al. 1993) have
used empirical chloride binding isotherms (e.g. Freundlich and Longmire isotherms) to
model this phenomenon, but in the current study, based on ion-exchange theory, chloride
binding is modeled as a chemical reaction producing Friedel’s salt (Appelo 1996; Jones et

al. 2003; Johannesson et al. 2007).

AFm* —SOZ |+2CI~ 22| AFm" —2CI” [+SOZ" (212

monogulfate Friedel 's salt

This basically relates the binding of chloride to the exchange between the sulfate and

chloride ions in the monosulfate solid phase. Other forms of binding (i.e. physical binding)
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is neglected in this research as it is reported to contribute negligibly to bind chlorides

(Samson and Marchand 2006).

2.3.2 Chemical Reactions Modeling

Chemical reactions are modeled using the law of mass action which has the conservation

of charges embedded in it (Moore 1972) and is represented by
N YmiYmi -

where Cjis the molar concentration of ionic species (M), V,,is the stoichiometric

coefficient of species i inthe m M solid, and K, is the solubility constant of the m ™ solid.

Values for the common solid phases in concrete are given in Table 2.3 (Samson and
Marchand 2006).

The different solid phases in concrete have common ions. Hence, one should solve the mass
action equations for the solids simultaneously. This produces a nonlinear system of

algebraic equations whose solution requires an iterative procedure.

2.4 FINITE ELEMENT FORMULATION

2.4.1 Transport Model Formulation

Equations (2.7a) and (2.7b) are solved by applying the Galerkin’s weighted residual method

(Zienkiewicz 1977). For convenience, without loss of generality, the details of the
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formulation are presented for two ionic species, but in the computer program that is

developed any number of species can be specified as demonstrated later.
For two species, the unknowns of the problem are the species concentrations, C;,C, , and
the electrostatic potential, i . As Egs. 2.7 (a) and (b) are second order partial differential

equations, a two-node linear finite element would suffice to obtain a solution. The element

nodal degrees of freedom (DOF) are the foregoing unknowns.

Let u(x) represent a typical field variable Cjor y , then
u,(x)=a +a,x=Nu,+N,u, (2.14)
where a,,a, are coefficients, which can be solved for in terms of the nodal values u,,u., ,

of the variable, and N,, N, are shape functions

N, Nz]z{l—lf ﬂ (2.15)

with | being the element length and x being a local coordinate. Hence, substituting for

c,,C, and y per Eq. 2.14 into the governing Egs. (2.7a) and (2.7b), leads to the following

residuals

o(we) @ (acl zF dy  din ylj
R, = ——| wD 2.16
! ot 8x( ! derRTCldercl dx (210)
RZ:M—Q WDZ(GCMZZF czd""+c2d|n72j 2.17)

ot OX dx RT dx dx

d dy) F (N

Ry=—| 7W—— [+ —W Z:C: 2.18
3 dx(f dx) P (El ' ') (2.18)
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Using the standard Galerkin’s method (Logan 2001; Segerlind 1984), the following integral

equation can be written by integrating over the volume, V, of the element

| = j [N]R (x)dV =0 (i =1,2,3) (2.19)

\

In expanded for, Eq. 2.19 is written as

w 0 0} ¢
I:Aj[§1 ¢ /;3] 0 w 0f¢, |dx+
! 0 0 Ofy
whD, O %wcl
RT c
, X
+Aj{d§1 dey dg?’} 0 wDh, D222ch2 Cpy [OX+
(Ldx dx  dx RT ’
0 0 W Vox
wp, 41N71 0 0
dx ¢
dg; d& dg”} diny
+A[| =21 2 3 0 wD 2 0| c, |dx+
{[ dx dx dx 2 dx 2 (2.20)
0 0 o|tY
0 0 0|l ¢
+Al[&G & &) o 0 0llc,|dx+B.l.=0
|
—sz1 —sz2 oY
L & & _
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where ¢ is the weighing function for variable i, | is the length of element, and B.I. are

the boundary terms which are omitted as only Dirichlet-type boundary conditions are
specified.

For a two-node linear element,

G
c, [=[N][U,] (2.21)
W

N, 0 0 N, 0 0
[N]J=f0 N, 0O 0 N, O (2.22)
0 0 N O 0 N,

[Un]:[cn Cor W1 G Cp l//z], (2.23)

where Cij is the concentration of species | atnode | of the element. By applying integration

by parts, after the minimization, one can write

[M]° :A{[N]T [C][N]dx (2.24)

(KT = AflB] [k JBJaxs AN [l N+ AlleT [k INJex 229

where

w 0 0
[C]=|0 w O (2.26)
0 0O
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Ny, O 0 Np, 0 0
0 0 Ny, 0 0 Ny,

D,z,F )
wD [0 J— R
h RT G
D,z,F
k1= 0 wD 272" e 2.28
[ I] 2 RT 2 (2.28)
0 0 W
wp, 4171 0 0
dx
diny
k, |= 0 wD 2.0 2.29
[ u] 27 gy (2.29)
0 0 0
0 0 0

F F
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: : e e . .
By applying direct assembly of [l\/l] and [K] matrices, the following system of

equation can be obtained:

[M][U ]+[K][u]=0 (2.31)
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The equations are semi-discretized in space. Thus, time-discretization of the quasi-
harmonic Nernst-Plank equation was done following first-order single time-step algorithm

with implicit Euler scheme as follows:

U, -uU
] S i w0 22)
(M + At K U =[MU;_y] (2.33)

[K][u,]=[F] (2.34)
where U, are the unknowns values at current time step, U, _  are the values from previous

time step, At is the time-step, and [M ] is a lumped matrix by summation of rows method.

This improves the convergence of selected time-discretization scheme.

Thus, Eq. 2.31 provides a system of nonlinear algebraic equations which need to be solved
at each time-step. Several methods can be used to solve this system (Heath 2002); here the
Newton-Raphson’s method was applied. The nonlinear terms in the tangent matrix make
small contribution to convergence rate, thus, the tangent matrix without the nonlinear terms

is shown in Eq. 2.35.
[K?]:[Me]+At[Ke] (2.35)
All the variables appearing in Egs. 2.28, 2.29, and 2.30 are evaluated at the integration

points based on Gauss quadrature.
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2.4.2 Chemical module

Applying the mass action equation to the different solid phases yields a system of nonlinear
algebraic equations which need to be solved simultaneously.

The unknowns of the problem are the concentrations of solids required to restore the
chemical equilibrium to the system of phases Xcy , X agt» X apm @nd X gg , with the latter

symbols denoting the quantities of portlandite, ettringite, monosulfates and Friedel’s salt,
respectively.
The Newton-Raphson method is applied to solve this system of equations. The chemical

balance equations included in this study are as follows:

Ron ={Ca}{OH}” ~ Koy

(2:36)

Rare = {Ca}® {OH}* (SO, ] {AI(OH),}* K e 237
Ragm = {Ca}* {OH }* (SO, }{Al(OH),}* ~ K ey 2.38)
Res = {CI}*[AFm]/{SO,}[FS] - Kps (2:39)

and values of the relevant equilibrium constants are shown in Table 2.3.

Thus, the concentration of the ions can be represented in terms of the amount of the solids

dissolution/precipitation necessary to restore equilibrium of X s .

0
[Ca]=[Ca] + X¢y +6X pr +4X pem (2.40)

[OH]=[OHT" +2X, +4X ey +4X sy (2.41)
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[804] = [804]0 +3Xpr + Kopem = X

(2.42)
[AI(OH), ]=[AI(OH), ] +2X 4 +2X 1, (2.43)
[Cl]=[CI] +2X (2.44)

where the magnitude of the quantities inside the [ ]0 brackets is provided by the transport

module, but they do not satisfy equilibrium and need to be corrected to satisfy equilibrium.
The chemical activity is evaluated at each iteration following Eq. 2.6.

The Jacobian matrix used in the Newton-Raphson method is given by Eq. 2.45 and is
derived by considering chemical activity as constant in each iteration. For more details the

reader can refer to Samson et al. (Samson and Marchand 2006).

0 Rew Ry ORey Ry
Ko Xper e OXes
Ryee  Ryer  Ryer Ry
[ K, ] _ Ko Xper ey s (2.45)
Ruem  Raen Ruen Ry
Xew g Oy O
ORes ORes ORes ORes

ax CH aX AFt ax AFm 6X FS

Finally, the solid phases content is updated using the following relation:

S, =Syt—wX, [, /p (2.46)
where S, is the content of solid phase m [g/kg of concrete], I, is the molar mass of the
solid m [g/mol], p is the density of saturated concrete [kg/m?], and superscript t indicates

the time-step. It should be mentioned that the change in the solid content is accompanied
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by change in volumetric water content, but in the current model the later change is assumed

to be negligible. The validity of this assumption may need further investigation.

2.4.3 Computer Implementation

The above procedures are implemented in a computer program following the flowchart in

Fig. 2.1.

2.5 MODEL VERIFICATION

2.5.1 Model Description

The finite element model was developed within the MATLAB platform (The MathWorks
Inc. 2018) and was verified by comparing its results with Samson et al. test results (Samson
and Marchand 2006). The test samples were 50-60 mm concrete disks subjected to sodium
chloride solution on one face and sealed by wax on the other face and the sides. They were
moist cured from 28 days to more than a year. The experiments were conducted in a
temperature-controlled environment, thus temperature effect is neglected in this study. The
concrete mixture proportions, porosity and the cement and concrete pore solution initial
compositions are given in Table 2.4. The table also gives the diffusion coefficients of the
ions present in the pore solution and the initial concentration of the four solid phases, viz.
Portlandite, Ettringite, Monosulfate, and Friedel’s salt.

The samples were subjected to 0.5 M sodium chloride solution which was maintained
constant throughout the test. Measurement of total chloride content was performed
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following ASTM C1556 layer-by-layer acid dissolution procedure (ASTM 2016) in 3-4
mm depth increments. Companion samples were prepared to evaluate the transport
properties of the medium (Samson et al. 2003).

The finite element mesh used for modelling diffusion through the concrete discs comprised
a non-uniform mesh of 100 elements. The element length was chosen as 0.1 mm for the
first 5 mm from the exposed surface, 0.5 mm for the region located from 5 to 10 mm from
the exposed surface, and 1 mm for the remining depth. The time step was selected as 1800

SecC.

2.5.2 Comparison of Finite Element Results with Experimental Data

In Fig. 2.2 the computed total chloride profiles are compared with corresponding
experimental profiles obtained after one month (1M) and eight months (8M) of exposure.
The model results are based on the comprehensive implementation of the NPP model,
accounting for the three modes of transport mentioned earlier. It can be seen that the

computed profiles are in reasonable agreement with their experimental counterparts.

26 FURTHER ANALYSIS OF THE MODEL RESULTS

2.6.1 Effect of the Three Modes of Transport in NPP on Concentration of chemical

Species and Concrete pH

In order to examine possible simplification of Eq. 2.2, three simulations were performed,
considering: (1) only molecular diffusion, (2) molecular diffusion and electromigration,
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and (3) the full NPP, including chemical activity. The properties of the concrete used in
these simulations are those given in Table 2.4. The results of the simulations are presented
in Figs. 2.3-2.7.

In Fig. 2.3 it can be observed that molecular diffusion dominates the transport of chlorides
with significant, albeit much smaller, contribution by electromigration. As expected, due
to the relatively dilute nature of the pore solution, the contribution of chemical activity
seems to be practically negligible and this agrees with the prevailing practice when
modelling chloride diffusion in concrete. It should be mentioned that this simulation is
conducted assuming fully saturated condition. However, in the case of concrete under
wet/dry cycles, which is out of the scope of this work, transport by advection is expected
to be significant at depths close to the exposed surface.

Figure 2.4 shows the variation of concrete pH through the test specimen thickness after one
and eight months of exposure to a sodium chloride solution. Again, the effect of chemical
activity on pH variation is negligible but that of electromigration is noticeable. After one
month of exposure, electromigration tends to lower the pH within the first 17.5 mm from
the exposed surface while it increases it below that depth. So, the effect is not uniform and
depends on the chloride concentration within the concrete. Comparing the one month and
eight months pH profiles, the pH seems to be decreasing with time in the region closer to
the exposed surface (first 12.5 mm from the exposed surface) and increasing beyond that.
Practically, this would make the reinforcement located closer to the exposed surface more
vulnerable to corrosion. Clearly, the traditional Fick’s law models are not able to provide

information about pH and its variation through the concrete.
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The effect of the chloride diffusion mode on ettringite formation after one month of
exposure is shown in Fig. 2.5. It can be seen that neither electromigration nor chemical
activity has significant effect on the formation of this phase. Further study may be required
to determine their effects in concretes made with cements of different composition and after
much longer exposure periods.

The FEM results also show that electromigration and chemical activity make negligible
contribution to the production/consumption of all four solid phases considered in this study.
Consequently, the Fick’s model, in the manner formulated in this investigation, i.e.
uncouple diffusion of chemically interacting species, would predict the change in solid

phases concentration satisfactorily.

2.6.2 Effect of the deicing Salt composition on Concentration of Chemical Species

and Concrete pH

Finally, the effect of the diffusion of different types of salts on chloride and Friedel’s salt
concentrations predicted by the NPP model are shown in Fig. 2.6 while their effect on
concrete pH is shown in Fig. 2.7. Notice that the salts of monovalent sodium and potassium
behave similarly while that of calcium has significantly different behavior. After one month
of diffusion under identical conditions, NaCl and KCI lead to much higher concentration
of chloride in the concrete compared CaCl. Similarly, the former two salts generate the
same amount of Friedel’s salt while the latter produces noticeably higher amount. With

reference to Fig. 2.7, NaCl and KCI have similar effect on concrete pH while CaCl, causes
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higher reduction in pH. Thus, the NPP provides more comprehensive information about the
chemical state of the concrete after exposure to different types of salts or other chemicals

than the Fick’s model.

2.6.3 Effect of Modelling on Computer Resources Requirements

Figure 2.8 shows the computer memory and CPU time requirements for the one-month
chloride diffusion simulation by the different models. There is significant saving in the
CPU time required, about 50% in the case of Fick’s model compared to the full NPP model.
However, the memory demand for the Fick’s model is only 1% less than that of the full
NPP, which is clearly negligible. There is, however, significant difference between both
the CPU time and the memory requirements of the models with and without the inclusion
of chemical activity. This difference can be attributed to more computation time required
to achieve convergence of the numerical solution. Thus, including chemical activity in the
model tends to accelerate convergence. Therefore, although the chemical activity has
negligible effect on the chloride concentration and pH profiles of concrete, it seems to have
beneficial effect on achieving rapid convergence of the numerical solution.

Based on the above observations, it is clear that the full NPP model is practically more
accurate and efficient than applying the modified Fick’s model or than a model that

includes diffusion and electromigration only.
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2.7 CONCLUSIONS

The Nernst-Planck Poisson’s (NPP) and the modified Fick’s diffusion models are
implemented in the Galerkin’s finite element formulation. The NPP includes molecular
diffusion, electromigration and diffusion due to chemical activity. Both models are
formulated to account for chemical reactions between the diffusing salt ions and the
chemicals in the concrete pore solution, but in the Fick’s model no interaction is considered
among the chemicals at the transport stage. The NPP model results are validated with
available experimental data in the literature. Subsequently, the modelling effects on
chloride diffusion, concrete pH, solid phases formation and salt type diffusion on chloride
concentration and concrete pH are investigated. The results of the study support the
following conclusions:

1. Electromigration, a mode of chemical transport activated by the electrostatic field
created by ions in a solution and included in the NPP model, has significant effect
on the transport of chlorides in concrete.

2. Transport due to chemical activity gradient has negligible effect on chloride
concentration or pH of concrete, but speeds up the convergence of the numerical
process if included in the model.

3. Fick’s law neglects the electrical interaction among concurrently diffusing ions in
the concrete pore solution and thus does not accurately predict the effects of salt
type and other chemicals in the pore solution on concrete pH and its chloride

concentration.
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4. The presence and diffusion of companion ions during chloride diffusion in concrete
affect chloride binding, concrete pH and chloride concentration.

5. Although models based on Fick’s law require less CPU time, their results are less
accurate than those of the NPP model.

6. Diffusion of calcium chloride leads to higher production of Friedel’s salt, lower
chloride concentration and lower pH compared to diffusion of sodium chloride and
potassium chloride, with the latter two salts giving similar results.

To obtain more theoretically accurate and comprehensive information about the changes to
the concrete chemical composition due to diffusion of salts, the application of NPP model
is recommended. However, the extent of this accuracy cannot be generalized because it will
depend on the magnitude of the governing parameters of the problem. Nevertheless, in the
specific case of the current example, the difference in CI- concentration predicted by the
current model versus the Fickean model is 24 to 85 percent. When referring to the accuracy
of a model or simulation, this is relative, but in the context of the present work, +10%
difference between the experimental and corresponding computed values is deemed to be
acceptable and any smaller difference implies high accuracy. Given the microscopically
heterogeneous nature of concrete, it is important to base the accuracy on an overall criterion

or norm such as the Euclidean norm.
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Table 2.1: Summary of recent research using NPP in modeling chloride diffusion in concrete structures

Diffusion mechanisms

Charges interaction

Chemical reactions

Research work Electro- Chemical . , Electro- Null Binding Chemical Year
Molecular migration activity Poisson’s neutrality  current | isotherms  equilibrium
Truc et al. [21] v v v v v 2000
Page et al. [16] v v v v 2000
Wang et al. [17] v v v v 2005
Pivonka et al. [24] v v v v 2006
Johannesson et al. [19] v v v v 2007
Krabbenhgft et al. [25] v v v v 2008
Samson et al. [23] v v v v v 2008
zér[r;angwiriyanupap et v v v v 2012
Xia et al, [26] v v v v 2013
Yuetal. [22] v v v v 2015
Szyszkiewicz et al [18] v v Finding lumped Di from | ), ¢

experimental data
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Table 2.2: Parameter a; value for common ions in the concrete pore solution:

lon a; (m)x 101° Jon a; (m) x 10710
OH" 3 SO 1

Na* 3 Ca* 1x103

K* 3.3 CI 2

Table 2.3: Chemical equilibrium constants for different solid phases

Solid Phase Equilibrium relationship —log(K,,)
Portlandite K ={Ca}{OH}’ 5.2

C-S-H K¢ ={Ca}{OH Ve 6.2
Ettringite Kep ={Ca}* {OH}* {50, *{Al(OH),} 44
Monosulfate Kg, =1{Ca 4{o|-| }4{804}{AI(OH )4}2 29.1
Gypsum Ksp = {Ca}{SO,} 46
Mirabilite Ke ={Na}’ {SO,} 12
Friedel’s salt* Ky = {Cl }2 [AFm] / {304}[ FS] -3

*ion exchange, {..} indicates activity of species, [..]indicates the solid content in mmol/g

of concrete.
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Table 2.4: Concrete properties and pore solution composition used in code verification

Property Value | Property Value
Cement type CSA, T10 | Porosity 13.4%
wi/c 0.65 | Tortuosity 0.0368
Mixture proportions (kg/m?3) | Diffusion Coefficients (X101t m?%/s)
Cement 280 | OH 19.4
Water 182 | Na* 4.9
Coarse aggregates 1065 | K* 7.2
Fine aggregates 833 | SO~ 3.9
Density 2360 | Ca?* 2.9
Al(OH)4 2.0
Cement composition (% mass) | CI 75
CaO 62.10
SiO2 20.40 | Initial pore solution (mmol/L)
Al20s3 4.30 | OH 273.5
SO3 3.20 | Na* 133.5
K* 140.1
Initial solids phases (9/kg) | SO4* 1.7
Portlandite (CH) 35.1 | Ca** 1.7
C-S-H 73.5 | AI(OH)s 0.1
Ettringite (AFt) 29 | CI 0
Monosulfate (AFm) 25.2
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Newton-Raphson Chemical module
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Update porosity, C's, Di's

Yes

OUTPUT

Concentrations and solid
phases Profiles

Fig. 2.1: Flowchart for the computer implementation of the model used
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CHAPTER 3

MODELING OF CONCRETE CARBONATION AS A COUPLED
NERNST-PLANCK-POISSON REACTIVE TRANSPORT PROCESS

3.1 ABSTRACT

Concrete carbonation is modeled as a reactive transport process which involves entry of
gaseous CO> from the environment into the concrete, its partial dissolution into the multi-
ionic concrete pore solution and its transport deeper into the concrete by Fickian diffusion,
electromigration and ionic activity. In this study, the time-dependent transport process is
modelled by coupling the Nernst-Planck equation with the Poisson’s equation, with the
latter equation relating the electric potential due to the electric field distribution created by
the ions in the pore solution. To account for the reactions among the chemical species in
the pore solution and their dissolution/precipitation, a detailed chemical module is
implemented in the present work. The change in the concrete porosity and diffusion
coefficients of the species involved due to the changes in the volumetric ratio of the solid
phases within the cement paste are captured. The non-steady governing transport equations
are solved using the Galerkin’s finite element formulation and a backward (implicit) Euler
scheme in the time domain. The model is validated by the reasonable agreement between
its results and the corresponding experimental data in the literature as well as the results of

another advanced numerical model developed by other researchers.
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3.2 INTRODUCTION

A major concern with respect to concrete structures deterioration is reinforcement
corrosion, which is accompanied by cracking, spalling of concrete cover, loss of strength
and unsatisfactory serviceability. Reinforcement corrosion is often initiated by the
penetration and accumulation of chlorides and/or carbon dioxide inside concrete and their
transport within the multi-ionic concrete pore solution to the concrete-reinforcement
interface. The focus of the present study is modelling of carbonation as a complex
electrochemical process, with the ultimate goal of developing a tool for accurately
predicting the service life and safety of reinforced concrete structures exposed to
carbonation. The end of service life of structure means that at the end of this period the
structure will not be able to function without extensive repair/rehabilitation.

Concrete service life prediction is important to ensure the satisfactory serviceability and
safety of reinforced concrete infrastructure over time. As the time to corrosion initiation is
normally considered the end of service life (Maage et al. 1996) and as this time is generally
long (of the order of 15 to 25 years or more), it is not practically possible to accurately
predict it by using results of short-term laboratory experiments, especially if the structure
exposure conditions are substantially different from those in the experiment. Consequently,
a practical approach is and has been to develop detailed numerical models based on
fundamental principles of materials science and mechanics and validate them by
comprehensive short-term laboratory tests. Once a model is sufficiently validated, it can be
used to predict the long-term performance and durability of structures under variable

exposure conditions. Such effort has been underway for a long time, but developments in
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computational power and greater understanding of the fundamental mechanisms of
materials deterioration and their governing principles allow one to enhance the robustness
and accuracy of the models.

Early, carbonation models were based on the simple semi-empirical relation (Tuutti 1982)

x = KA/t (3.1)
where X is the distance from the exposed surface, tis the exposure time, and K is a
coefficient which depends on the CO concentration gradient, its diffusivity and on the
concrete mixture composition.
The accuracy of this elementary model is strongly dependent on the robustness of the
procedures used to estimate K and the scope of the experimental data, but it is unlikely to
be able to predict the microstructural and chemical changes engendered by carbonation in
all cases because it cannot account for the detailed chemical reactions and microstructural
changes that occur during the carbonation process (Brieger 1986). Although the simple
models are useful for preliminary design or in routine cases, in the case of iconic or
expensive reinforced concrete structures, it may be warranted to perform more accurate
analyses by using more detailed robust models. The latter models can be also used to delimit
the scope of the simple models and guide designers in the selection of the appropriate model
for specific purposes.
Research on more detailed models of the carbonation process in concrete has been
conducted by many researchers in the past and a summary of the relatively recent

representative works and their salient features is presented in Table 3.1.
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Table 3.1: Some recent investigations on modeling concrete carbonation

Tranqurt Chemical interaction module
Research work mechanisms Year
Fick’s law NP Simplified  Detailed = Comprehensive
Wittmann et al
(Brieger 1986) v v 1986
Papadakis et al
(Papadakis et al. v v 1989
1989)
Saetta et al.
(Saetta and v v 1995
Vitaliani 2005)
Isgor and
Razagpur (Isgor v v 2004
and Razagpur
2004)
Peter et al (Peter
et al. 2005) v v 2005
Thiery (Thiery
2005) v v v 2005
Hyvert et al.
(Hyvert et al. v v 2010
2010)
Jeong et al.
(Jeong et al. v v 2019
2019)

There are two key features that characterize each model. First, the laws governing the CO>
transport within the concrete pore solution and second the type, nature, and products of the
chemical reactions among the various species in the solution during carbonation. With the
exception of Thiery, it can be observed that in all the works in Table 3.1, CO; transport is
assumed to be governed by Fick’s second law and in many cases either chemical interaction

among the different chemical species in concrete is either ignored or selectively considered.
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Some researchers (Papadaki et al. 1989; Hyvert et al. 2010) have striven to improve the
elementary square root model by considering an increasing number of parameters in the
empirical procedures for estimating the value of the coefficient K. Since ambient
hygrothermal conditions affect the carbonation process, others (Jeong et al. 2019; Isgor and
Razaqpur 2004) have coupled the diffusion of CO, with heat and moisture transport, but
Saetta et al. (Saetta and Vitaliani 2005) argued that temperature does not have significant
effect on the carbonation process in the usual temperature range to which structures are
exposed, thus they recommended that thermal effects can be disregarded.

In terms of the breadth of the chemical reactions considered in the different models, past
works can be classified into three groups, depending on the type and number of species
included in the model. Here they are classified as (i) simplified (Brieger 1986; Saetta and
Vitaliani 2005; Hyvert et al. 2010), (ii) detailed (Papadakis et al. 1989; Isgor and Razaqgpur
2004; Peter et al. 2005; Jeong et |. 2019), and (iii) comprehensive (Thiery 2005). It should
be stated that the seminal work of Papadakis et al. (Papadakis et al. 1989) forms the basis
of several of models, including those of (Isgor and Razaqpur 2004; Peter et al. 2005; Jeong
et al. 2019) due to the inclusion of the underlying chemistry of carbonation.

Briefly, the simplified chemical models reduce the carbonation of cement to that of

Portlandite by considering only the following reaction
Ca(OH )2 +CO, -»CaCO, +H,0 (3.2)

However, experiments have shown (Papadakis et al. 1991) that other phases of the hydrated
cement, including CSH, C»S, and CsS also undergo carbonation as indicated by reactions

3.3, 3.4,and 3.5, respectively.
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(3Ca0.25i0,.3H,0) + 3CO, —=5(3CaC0,.25i0,.3H,0)  (3.3)
(3Ca0.5i0,)+3C0, + 9H,0—=53CaCO, + Si0,.9H,0  (34)

(2Ca0.5i0, ) + 2CO, + 9H,0— &= 52CaCO, +Si0,.9H,0  (35)

Despite the inclusion of reaction (3.2) to (3.5) in the detailed models, they do not follow
the delicate mass and charge conservation laws governing the molecular level reactions and
the interaction between the solids and the pore solution in concrete as well as the
dissociation/precipitation of the solids.

The comprehensive model of (Thiery 2005) includes the latter chemical reactions per the
mass action law. The model is more robust and better represents the chemistry of the
carbonation process in Portland cement concrete. Moreover, the model can relatively easily
accommaodate the presence of new chemical species in the concrete, such as those contained
in supplementary cementitious materials, and their effect on the carbonation process.
Although (Thiery 2005)’s model is conceptually comprehensive, in applying it, he reduced
the number of chemical species directly involved in the carbonation process to four. This
was made possible by making the reaction/production of the other species within the pore
solution and the cement matrix as a function of those four. In the current investigation, such
a simplification is not made rather the full suite of the chemical reactions are considered.
Furthermore, he solved the system of equations following the kinetics of reaction without
applying the operator splitting approach while in the current study the later approach is

applied.
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The operator splitting approach allows consideration of a more comprehensive set of
chemical interactions and faster convergence of the numerical solution. The latter attributes
would be helpful when considering the interaction of different physiochemical phenomena
(e.g. chloride and carbonation attacks on concrete) where many more chemical reactions
are involved. Moreover, it has been reported (Abreu et al. 2009) that reaction kinetics are
usually experimentally estimated by making the numerical solution agree with
experimental results rather than being based on well established theoretical knowledge or
proper equilibrium reaction constants.

It should be pointed out that in the past implementation of the comprehensive model was
rather challenging due to the slow convergence of the numerical process and the difficulty
of calibrating the model as it requires fitting by inverse analysis of the various physical
parameters, such as diffusivity, pore size distribution, and CO; interaction with the concrete
pore solution. Advancements in the computational power of contemporary computers
along with the development of efficient instruments and numerical techniques have paved
the way for the application of comprehensive models as presented in the current work.
Although each type of model has been shown to give reasonably satisfactory estimate of
the extent of carbonation in specific cases, theoretically, they lack generality because they
are unable to account for the changes caused by the chemical reactions to the molar
concentration of the various phases and species within the concrete matrix and their effect
on the carbonation process. For example, precipitation/dissolution reactions will change
the concrete porosity and diffusivity, which need to be considered to accurately evaluate

the carbonation front advance. Similarly, the aqueous and gaseous phases of CO; in
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concrete and their effects on carbonation must be individually considered via fundamental
chemical principles.

In view of the above, the objective of this investigation is to develop a finite element model
for the simulation of concrete carbonation based on detailed principles of material science,
laws of chemistry and robust numerical methods. Due to the multi-ionic nature of the
concrete pore solution, the proposed model is designed to track the transport of the major
chemical species within the concrete pore solution by molecular diffusion,
electromigration and ionic activity. Mass transport is modelled by solving the nonlinear
Nernst-Planck-Poisson (NPP) equations using finite element analysis formulated within
the framework of the Galerkin’s weighted residual method in space and the implicit, or
Euler backward difference, scheme in time. Unlike Thiery, who also used the NPP transport
model, in the current study the assumption of electroneutrality will not be made, instead
the fully coupled system of Nernst-Planck and Poisson equations will be solved. As pointed
out by MacGillivray (MacGillivray 1968) and McGillivray and Hare (MacGillivray and
Hare 1969) the assumption of electroneutrality or null current only applies to solutions with
very high ionic concentration, which is generally not be the case in concrete pore solution.
By determining the electric field via the Poisson equation, solutions with high or low
concentration can be treated by the same model.

The NPP transport model is augmented by a detailed chemical module that includes the
chemical equilibrium among the various species within the concrete pore solution and
accounts for the dissolution/precipitation of the reactants or products. It also ensures both

mass and charge conservation. Since diffusion in concrete is often treated as a one-
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dimensional problem, the current formulation is one-dimensional, but in principle, it can

be extended to two or three dimensions.

3.3 GOVERNING EQUATIONS OF MASS TRANSPORT

The different chemical species in the concrete pore solution include both ionic and non-
ionic species. It is convenient to mathematically separate the transport of the two types

species as shown below.

3.3.1 Modelling ionic species transport

The different chemical species in the concrete pore solution include both ionic and non-
ionic species. It is convenient to mathematically separate the transport of the two types
species as shown below.

The transport of ions in the pore solution can be modelled by the coupled Egs. (3.6) and

(3.7), known as NPP equations (Samson and Marchand 2007; Nguyen and Amiri 2016)

&Gi_0|n c 4z
ot ox| | ox RT ' dx ' odx

%,—/
molecular  electromigration  chemical activity

50i _ 8 D 8C| + ZiF C dl// +I’i (36)

where C; , Z; and ;, respectively, are the concentration, valence number and activity

coefficient of species 1, F isthe Faraday constant = 96,488.46 (C/mol), R is the ideal gas

constant = 8.3143 (J/mol/K), T is temperature of the solution (°K), ¥ is the electric
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potential (V), I;: source/sink term, accounting for the production/consumption of species

I . The first term in the curly bracket on the right-hand side of Eq. 3.6 represents Fickian
or concentration driven diffusion, the second term ionic migration due to the electric field
created by the charged ions within the pore solution and the last term transport due to
chemical activity, which reflects the effective concentration of a species in a multi-ionic
solution.

For a chemical solution containing i (i =1,n) ionic species, Eq. 3.6 can be applied to each
species at a time, resulting in n equations, but due to the presence of the electric potential
term in these equations, they will contain (n+1) unknowns. Therefore, to obtain a unique
solution, another relation is necessary among the unknowns of the problem. The additional
relation is provided by the Poisson equation which relates the electric potential to the charge

distribution in the medium as (Christopher and Shipman 1968)

2
d_W+E(

3.3.2 Modelling non-ionic species transport
Since certain species do not ionize in the pore solution, e.g. water, carbon dioxide, they are

electrically neutral, therefore, their transport is governed by Fick’s second law

%2 o 2))or @
ot ox OX

where C is the molar concentration of the species, D is its diffusion coefficient modified by

tortuosity, and r is the source/sink term.
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3.3.3 Modelling moisture transport in non-saturated concrete
Moisture transport in non-saturated porous media is governed by Richard’s equation

(Taigbenu 1999) as follows

@ZQ(DW(G_WDJF . (3.9)
ot oX OX

where W represents the volumetric water content, and D, is the moisture diffusivity.

Note, Eq. (3.9) has the same form as Eq. (3.8) and they are both captured by the first term
on the right-hand side of Eq. (3.6).

The quantity W can be related to the atmospheric relative humidity using the BET
desorption isotherm (Xi et al. 1994):

- Ck,V,h
* (1-k,h)[1+(C-1)k,h]

(3.10)

where W, is the evaporable water content expressed in terms of water per grams of
cementitious material, h is the atmospheric relative humidity,V,, is the monolayer capacity,
C and k, are two parameters of the model. More information regarding these parameters

and their experimental evaluation is provided by (Xi et al. 1994).

Finally, the volumetric water content can be related to the evaporable water content as

W=—t—¢ (3.11)
pwVS

where M. is the cement content of the concrete (kg/m?3), p,, is the density of water at given

temperature (kg/m?), V, is the volume of the solids, given by
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C

:Gc Pu Gipy

M + A (3.12)

S

where A is the total aggregates content of the concrete (kg/m®), G_ is the specific gravity of

cement, and G, is the specific gravity of aggregates.

The calculated volumetric water content w, can be imposed as a convective flux, q,,, at

the boundary as
q, =h, (W(O,t) _Wso,l) (3.13)
wherew,, , is the volumetric water content at the exposed surface, h,is the convection

coefficient and can be taken as 3x10°®(m/s) (Sakata 1983). Adding the convection term
modifies both the stiffness (conductance) matrix and loading vector of the element with the

specified flux.

The preceding scheme allows one to split the transport mechanisms into two types: one for
molecules governed by Fick’s 2" law of diffusion and the other for charged particles (ions)

following NPP.

The chemical activity coefficient can be evaluated using different models, varying in
complexity from simple, e.g. Debye-Huckel and Davies (Moore 1998), to complex, e.g.
Pitzer (Pitzer 1991). According to (Samson et al. 1999), the modified Davies relationship
given in Eqg. 3.14(a) yields good results for a wide range of ionic strengths, hence it is
adopted in the current work

f 1 (02-417a0°1)1

Iny, = Az; — (3.14a)
dianl EFSY-W /1000
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where 1 is the ionic strength (mM) given by Eq. (3.14b), A and B are temperature
dependent parameters given by equations Egs. (3.14c and d), and a; is a fitting parameter

(m) whose values for the common ions in concrete are shown in Table 3.2.

| =05, 2°C; (3.14b)
J2F %,
A= W (3.14c)

2
B= q/ ZET (3.14d)
&

where € = 1.602x10*° C is the electron charge.

Water activity in a solution can be determined using (Garrels and Christ 1965)
{H,0}=1-0.0173;C; (3.15)

where C; is the concentration of the i ionic species in the pore solution.

Table 3.2: Parameter a; value for common ions in the concrete pore solution:
( Samson et al. 1999)

lon a; (m)x 10  lon a; (m) x 1010
OH- 3 S04~ 1

Na* 3 Ca* 1x103

K* 3.3 Cl 2

3.4 APPLICATION OF NPP TO CONCRETE AS A POROUS

MEDIUM MODELLING

The system of Egs. 3.6 and 3.7 is strictly applicable to diffusion in chemical solutions.
However, concrete is considered as a reactive porous medium; consequently, the latter
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equations need to be modified to account for the characteristics of concrete. Accordingly,
following (Samson and Marchand 2007) the modified equations based on mass balance can

be written as

a(WsCis)_l_@(WCi) O | WD dc; . ZiFCd_l// N C_dln;/i

——| WU —— —= G i +wr=0
ot ot OX dx RT  dx dx
—_— —_—
molecular  electro—migration  chemical activity
(3.16a)
dx dx g \i=1 (3.16b)

where Cis is the concentration of the solid phase (mol/m3), W; is the volumetric solid phase

content (m3/m?3), w is the volumetric water content (m3/m?), 7 is the apparent tortuosity of

the concrete pore structure, which includes the effect of tortuosity and constrictiveness of

the porous medium, n is the number of species, and [; is the source/sink term to account

for the production/consumption of species I during the reaction.

The porosity reduction due to carbonation can be approximated by a bi-linear decay
function (Isgor and Razagpur 2004) as

f(d)=(a, —1)*a, /b, (3.17)
where a,,, ,b,,, are fitting parameters, o, is the carbonation degree which can be expressed
as:

_ [caco,] \18
% = [CSH+[CH] (3.18)

Hence, the porosity of the concrete matrix modified by carbonation can be expressed as

73



Feras Alsheet McMaster University
Ph.D. Thesis Dept. of Civil Engineering

¢ ="1(d)g (3.19)

where ¢ is the modified porosity due to carbonation and ¢ is the original porosity.

The diffusivity of any species i, D,, in concrete is function of concrete porosity and the

capillary pores tortuosity and can be expressed as

D, =7D%f (d) (3.20)

where, Dio is the diffusion coefficient of species i in free-water (m%sec), and f (d)is

a coefficient that reflects the effect of the medium porosity change due to carbonation.

3.4.1 Modeling of transport modes

Local chemical equilibrium can be assumed at each point in the medium for the majority
of ionic transport problems (Barbarulo et al. 2000). This allows one to separate the physical
transport of the ions from the chemical equilibrium. Consequently, for each species i the
conservation of mass can be expressed as

o(wei) o o| 4G . zF _dy . dIny

— | WY Ci + G =—Wh————
ot OX dx RT ~ dx dx ot
%K_J %f_/

molecular  electric coupling  chemical activity

(3.21)
in which the right-hand terms can be evaluated in a separate chemical module after solving
the physical transport problem represented by the left-hand side of Eq. 3.21. The chemical

module will account for the precipitation/dissolution of each solid phase within the pore
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solution. This technique for separating the local chemical equilibrium from the mass
transport phenomenon is known as the operator-splitting approach and is applied here due
to its computational efficiency (Yeh and Tripathi 1989). The validity of the local
equilibrium assumption in concrete was established by (Samson and Marchand 2007).
Moreover, this assumption allows one to enforce chemical equilibrium via a set of algebraic
equations rather than using the kinetics of reactions.

The numerical implementation of the split operator technique involves two computational
modules, the transport module and chemical module, which are applied sequentially either
through a sequential iterative approach (SIA) or sequential non-iterative approach (SNIA).
The SNIA was selected here due to its computational advantages, as it will be shown, and

it gives good results when compared to available experimental results.

3.4.2 Modeling of the chemical reactions in concrete carbonation

Chemical reactions can be classified into heterogenous (solid — aqueous) and homogeneous
(aqueous — aqueous) reactions. Both types of reaction take place during carbonation which
lead to a simultaneous equilibria problem. The list of reactions occurring during concrete

carbonation includes (Thiery 2005):

CaCo,,, = Ca* +CO;” (3.22-a)
Ca(OH),, & Ca®* +20H" (3.22-b)
CSH,, =2 Ca”™ +20H" (3.22-c)
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CO,y +H,0 = H,CO, (3.22-d)
H,CO, © HCO; +H” (3.22-¢)
HCO; @ CO} +H" (3.22-f)
HO2OH +H" (3.22-9)

The balance between the gaseous and aqueous phases of carbon dioxide can be modelled

using Henry’s law. Thus, the source/sink term can include the gaseous-aqueous equilibrium

as (Peter et al. 2005)
r-Henry = CeX (C HemyCCOZ(g) - CCO2 ) (323)

. . . .. H .
where C™ is the interfacial mass-transfer coefficientand C'* is Henry’s constant.

The heterogeneous reaction involving the solid phases are modeled using the mass action
equation, which has the conservation of charge embedded within it (Moore 1998), and is

expressed as
N Ymi,,Ymi -

where C; is the molar concentration of ionic species (M), V,,is the stoichiometric

coefficient of species I in the m " solid, and K, is the solubility constant of the m ™ solid.

The value of the solubility constant for the solids participating in the carbonation process

in the proposed model is listed in Table 3.3.
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Table 3.3: Solubility constants for different solid phases

Solid Phase Equilibrium relationship —log(K,,)
Portlandite Ky, =1Ca}{OH}’ 5.2
C-S-H Kep, ={Ca} {OH}? 6.2
Calcium carbonate Kgps ={Ca}{COs} 8.48

The homogeneous reactions are modeled using the equilibrium constants. For a typical
chemical reaction of the following form:

aA+bB =cC +dD

the equilibrium constant is expressed as (Moore 1998):

_[er[or
[A]'[B]

where [ ] is the molar concentration of ionic species (M), a,b,c,d are the stoichiometric

(3.25)

coefficient of species i in the reaction, and KC is the equilibrium constant of the reaction.

The values of equilibrium constants used in reactions (3.22-d) to (3.22-e) are listed in
Table 3.4.

Table 3.4: Equilibrium constants for different homogeneous reactions (Soli and Byrne 2002)

Reaction # Equilibrium relationship —log(K.)
(3.22-d) K¢, ={H,CO;}/{CO,,, } {H,0} 252
(3.22-¢) Ke :{HCO’}{H*}/{H Co,) 3.70
(3.22-f) {CO2 }{ } {HCO } 10.22
(3.22-g) . ={OH }{H"}/{H 14.00
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The set of equations from solid phases and homogeneous equilibria need to be solved
simultaneously. This produces a system of nonlinear algebraic equations whose solution

requires an iterative procedure as discussed in the sequel.

3.5 FINITE ELEMENT FORMULATION

3.5.1 Numerical formulation of the governing equations of species transport

Equations (3.16a) and (3.16b) are solved by applying the Galerkin’s weighted residual
method (Zienkiewicz et al. 2013). For clarity, without loss of generality, the details of the
formulation are presented for two ionic species, but in the developed computer program

more species are considered as demonstrated later.
For two ionic species, the unknowns of the problem are the species concentrations, C1 , Co

and their electrostatic potential, ¥ . As Egs. (3.16a) and (3.16b) are second order

differential equations, in one-dimensional transport, a two-node linear finite element would

suffice. The element nodal degrees of freedom (DOF) are the foregoing three unknowns.

Let ui(x) represent a typical trial function for field variable Cjor y , then
U (x) = Ny + N, (3.26)

where U, U, , are the element nodal degrees of freedom and Nl, N2 are shape functions

N, Nz]z[l—lf ﬂ

(3.27)
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with X being a local coordinate, with its origin at node 1, and | the element length.

Substituting the trial functions for C;,C, ad ¥ per Eq. 3.26 into the governing Egs.

(3.16a) and (3.16b), leads to the following residuals

a(wc,) g[le(acl ,aF : dy ie, dlIn yljj

1= o

ot OX dx RT °~dx dx (3.28)
n _Owe) of - (ac2 JF dy dlnyzj
2 ot OX 2ldx  RT 2dx 2 dx (3.29)
R; = i[rwd—wj + EW(% zici)
dx dx & i=1 (330)

Based on the Galerkin’s method (Logan 2012; Segerlind 1984) the weighted sum of the

residuals, I, over the domain (element volume V) can be minimized as

| = j N.R.(x)dV =0 (1 =1,2,3) (3.31)

where the shape function N; serves as the weighing function.

In expanded form, Eq. 3.31 is written as
v}
¢, |dx+

w 0
I=AJ[N, N, NJO w
! 00 %

o O O
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whD, O %wcﬂ
RT ¢,
X
+Aj[dN1 dN, dNﬂ 0 wD, DZZZFWCZ Cp, |dX+
L dx dx  dx RT !
0 0 W Vox
i |
wp, 171 0 0
dx C,
dN, dN, dN diny
+A L 2 3} 0 wD 2 0flc, |dx+
{[ dx  dx dx 2 dx 2 (3:32)
0 0 o|tY
0 0 0l ¢
+A[[N; N, Ng] 0 0 0l c, [dx+B.l.=0
|

—sz1 —sz2 oY
& &

where A is the cross section of the element and B.l. are the boundary terms which are
omitted as only Dirichlet-type boundary conditions are specified.
Since in the Galerkin’s method, the weighing function at each node is set equal to the nodal

shape function, for a two-node linear element one obtains,

G
C2 :[N][Un]

v (3.33)
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NN, 0 0 N, 0 O

0 0N O 0 N, .30

T
[U,ﬂ=[0ﬂ Cor W1 G Cyp '//2] (3.35)

where Cij is the concentration of species i at node ] of the element. Setting the weighted

residual integral to zero and after integration by parts to reduce the second derivatives to

first derivatives, —one can write

[M]e=A{[N]T[C][N]dX

(3.36)
[K]* = AJ[B [k, J[BJax-+ AJIN]" [k JIN o+ AT[B]' [y [N Jox
| | | (3.37)
where
w 0 O
[C]=|0 w O
0O 0 O (3.38)
Ny O 0 N, O O
[B]=f 0 N, 0 0 N, 0
0 0 Ny 0 0 Ny (3.39)
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wD, O %W
RT
D,z,F
ki(]=| 0 wD 272 wc
[ |] 2 RT 2
0 0 T™W
L . (3.40)
) diny, 0
dx
diny
k, |= 0 wD 2
[ II] 2" gx
0 0 0
L i (3.41)
0 0 0
[klll]: 0 0 0
—szl —sz2 0
L € & . (3.42)

- e e - -
After assembling the elements [M] and [K] matrices, the following system of

equations is obtained:

M][U]+[K]u]=0

The equations are semi-discretized in space. Thus, time-discretization of the quasi-

(3.43)

harmonic Nernst-Plank equation can be performed following a first-order single time-step

algorithm with implicit Euler scheme as follows:
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U, -U,._
e SR
(3.44)
(M + At K Uy =[MU_ ] (3.45)

[K][Ut]:[ﬂ (3.46)

where Ut are the unknowns values at current time step, Ut—At are the values from

previous time step, At is the time-step, and [M ] is a lumped matrix by summation of

rows method. This improves the convergence of the selected time-discretization scheme.

Equation 3.46 provides a system of nonlinear algebraic equations which need to be solved
at each time-step. Several methods can be used to solve this system (Heath 2018); here the
Newton-Raphson’s method was applied. The nonlinear terms in the tangent matrix make
small contribution to the convergence rate, thus, the tangent matrix without the nonlinear

terms is shown in Eq. 3.47.

K = M® | +atK?| .

All the variables appearing in Egs. 3.40, 3.41, and 3.42 are evaluated at the integration
points using two-point Gauss quadrature.

As stated earlier, since the movement of molecules is not influenced by an electric field,
their transport in porous media follows Fick’s second law as given in Eq. 3.8. Such
molecules in the carbonation process include carbon dioxide (both gaseous and dissolved),
carbonic acid, and moisture. In this research, the relevant concentration of these species

must be determined before applying the NPP model, because W is an input to the NPP
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model. The finite element formulation for Fick’s law is not presented here as it is readily
available in the literature (Logan 2012; Reddy and Gartling 2010; Peter et al. 2005). It must
be pointed out that any water that is produced/consumed during the carbonation reactions
is determined within the chemical module and the volumetric water content of the concrete
for the NPP model is accordingly adjusted. Moreover, applying the convection boundary
condition in Eq. 3.13 for volumetric water content involves updating the stiffness matrix

and forcing term for the first element (Logan 2012).

3.5.2 Formulation of chemical equilibrium and mass conservation
Applying the mass action equation to the different solid phases and the chemical
equilibrium expressions to the homogeneous reactions yields a system of nonlinear

algebraic equations which need to be solved simultaneously.

The unknowns of the problem are the progress of the reactions, denoted as §| & I < m

§|V f\/ §VI and f\/“ as described below. The Newton-Raphson method is applied to

solve the relevant system of equations. The chemical balance equations included in the

present model are

A, =[ca][OH]? - K¢y (3.48)
Ay =[Ca][OH T — Kesy (3.49)
Ay =[Ca][CO;] - KICacog (3.50)
Ay = ([H2CO3 ] / [Coz(aq)][Hzo])_ K(IE,IV (3.51)
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A, =([HCO;][H+]/[HZCOS])— - (352)
A, = ([CO§‘][H +]/[Hco;])— Ko (3.53)
Ay :([OH_][Hﬂ/[HzO])_ch,vn (3.54)

where the square brackets denote molar concentration and the K'C represent mixed

equilibrium constants, which are given by:

' J/reac
Ke ==K (3.55)
Q/prod

The concentration of the ions can be represented in terms of the amount of the solids

dissolution/precipitation necessary to restore equilibrium of &, (i=Lm).

Ca® |=|Ca®" | +&+& +éu a5
CO§™ |=| COf™ | +éu + & (357)
(OH™ |=| OH —}O +28, +28, + &, (3.58)
HY|=[HY] +& +&n +&n (359)
[H,CO,]=[H,CO, ], + & - & (3.60)
| HCO3 |=[ HCO; | +& ~4a @s1)
| COxaq |=[ COupag) |, = (362
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[Hzo]:[Hzo]o =& — S (3.63)
where the magnitude of the quantities inside the [ ]0 brackets is computed by the transport

module, and they may not satisfy equilibrium, hence they need to be corrected to satisfy
equilibrium. At each iteration, the chemical activity is evaluated according to Eq. 3.14.

It is worth mentioning that water is produced in each chemical balancing equation at every
time step, hence, the moisture balance is restored in the following step in the transport
model. Due to the short time-steps used in the present analyses, authors believe this
approach is reasonable.

The Jacobian matrix used in the Newton-Raphson method is given by Eq. 3.64 and is

derived by assuming chemical activity to be constant in each iteration.

[ OA,  OA, oA, ]
05, 0&, 0,
Ay - Ay
[KT]: 6§| . afvu
A (A
L 6§| aévu 2 (3.64)

Note, substitution of Egs. 3.56-3.63 into Eqs. 3.48-3.54 allows for the differentiation of A,

in terms of £ . For more details, the reader can refer to (Samson and Marchand 2006).
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3.6 MODEL VERIFICATION

3.6.1 Problem description and its numerical simulation details

The finite element model is developed within the MATLAB platform (The MathWorks
Inc. 2018) and is verified by comparing its results with Peter et al. (Peter et al. 2005)
numerical simulation results, which are based on Papadakis et al. (Papadakis et al. 1991)

chemical reaction model.

Measurement of the concentration of all solid phases and the pH at different locations
within a concrete specimen is time consuming. The writers are not aware of any
experimental work which has measured and reported these quantities for tests involving
carbonation, including the seminal works in (Papadakis et al. 1989; Saetta and Vitaliani
2005). The latter studies only report the carbonation depth in the specimen, measured by
using the phenolphthalein indicator. (Peter et al. 2005) computed the relevant
concentrations and pH through the depth by numerically simulating (Papadakis et al.
1989)’s experiments. Consequently, the quantities of the species and the pH values
predicted for specimens S2 and S3 of Papadakis et al. will be compared with the
corresponding values calculated by Peter et al. Figure 3.1 shows schematically Papadakis

et al.’s experimental set-up.
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Left B.C. Concrete sample
30 mm thickness
w=0.0829 (m3/m?3)
COZ(E) =50% or

19.77 mol/m? Ca(OH), initial =
3849 mol/m3
External moisture content | s initial = 1247
= 1832 mol/m? mol/m3

Fig. 3.1: Initial and boundary conditions for simulating carbonation of specimen S2

The test samples were 30 mm thick concrete disks. They were moist cured for 90 days and
thereafter one face of each disk was kept exposed while its other surfaces were covered
with a gas-tight paint. The paint-free surface was subjected to replenished 50% carbon
dioxide gas (19.77 mol/m®) and 50% air mixture. The experiments were conducted in a
temperature-controlled environment; hence, temperature effect is neglected in the current

analysis.

The concrete mixture proportions, porosity and the cement and concrete pore solution
initial compositions are given in Table 3.5. Note that S2 and S3 have different wic ratio.
The table also gives the diffusion coefficients of the ions present in the pore solution and
the initial concentration of the three solid phases, viz. Portlandite, CSH, and Calcite.
Carbonation depth was measured at 20 mm increments through the disk thickness in

accordance with (RILEM 1988).

In the current finite element simulation, a non-uniform mesh of 100 two-node linear finite
elements is used to model the carbonation front advance through the thickness of each

specimen. The element length is chosen as 0.1 mm for the first 5 mm from the exposed
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surface, 0.5 mm for the region located from 5 to 10 mm from the exposed surface, and 1

mm for the remining depth. The time step is selected as 900 sec.

Table 3.5: Concrete properties and pore solution composition used in the current
simulation of Papadakis et al. specimens S2 and S3

Property Property Value
Cement type Porosity S2: 18 %, S3: 20%
w/c S2: 0.5, S3: 0.65 Tortuosity S2:0.0033, S3: 0.0072
RH w 0.0829 (m%m?3)
Cement composition (% mass) Free Diffusion Coefficients (x10° m?/s)
CaO H* 9.310
SiO; Ca?* 0.793
Al;O3 COz* 0.955
SO3 OH 5.270
HCOs 1.180
Initial solids phases (mol/m3)  COyq) 13.889
Portlandite (CH) S2: 3849, S3: 1470  COzaq) 0.0011628
C-S-H S2:1247,S3:786 H,CO3 0.028935
CaCOs H20 0.011574
C.S S2:159.1, S3: 196
CsS S2:24.3,S3:55 Initial pore solution (mol/m?)
H* 4.7075x1010
Porosity change parameters Ca* 14,578
Acar COs* 0
Dear OH- 33.645
HCO3 0
Boundary conditions COq(g) 0
External moisture content 1832 mol/m®  COgaq) 0
COy) external 19.77 mol/m® H,COs 0
C e
c* 0.0116 1/s pH 12.33

Figure 3.2 illustrates for specimens S2 and S3 the carbonation depth from the exposed

surface versus the exposure time. The results of the current model are compared with the

experimentally measured values and with the values calculated by Peter et al. It can be
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observed that the current model results agree closely with the corresponding experimental

values.
25 1
Current Model - S2
® Papadakis et al. - S2 PR
20 T~~~ peteretal. - S2 T
€ - - = Current Model - S3 _ .- "’
E -
£ 15 1 + Papadakis et al. - S3 PR
[<B]
o
[
K=
S 10
o
o]
S
O
5
0 : : : :

0 5 10 15 20
Time of exposure (days)

Fig. 3.2: Comparison of the carbonation depth computed by the current model with
the experimental values of Papadakis et al. and the calculated values of Peter et al.

3.6.2 Comparison of carbonated species concentration with the calculated values
by (Peter et al. 2005)

In the following, the computed concentrations of the various species in (Papadakis et al.

1989)’s experiments are compared with the corresponding values calculated by (Peter et al.

2005). Following the latter investigators, at the given depths, the concentration profile of

each species is plotted as fraction of the maximum concentration of the same species

computed as

90



Feras Alsheet McMaster University

Ph.D. Thesis Dept. of Civil Engineering
[CH] _ =[CH] .+0.5[C,S] . +1.5[CsS] . (3.65)
[CaCO3]maX = [CH ]max +3[CSH ]ini + 2[C28]mi +3[C38]ini (3.66)

where subscript “ 1N ” and subscript “MaX ” means initial and maximum concentration of
the species, respectively.

Carbonation depth is defined as the region where the CaCOs3 concentration is greater than
10% of maximum CaCOs given by Eq. 3.66.

Figure 3.3 shows the normalized calcite concentration variation through the thickness of

specimen S2.
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Fig. 3.3: Comparison of S2 specimen Calcite concentration computed by the current
model with that calculated by Peter et al.
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It can be observed that contrary to Peter et al.’s computed profiles, the ones given by the
current model do not exhibit initially a gradual reduction from the peak, followed by a steep
reduction. The lack of the two-stage reduction can be attributed to allowing the concurrent
carbonation of CH and CSH in the current model while the Peter et al. model does not
permit carbonation of CSH until all the CH has completely carbonated. The authors believe
that the approach adopted in the current model conforms better to the real situation.

Figure 3.4 shows the normalized CH concentration variation through the S2 specimen

thickness.
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Fig. 3.4: Comparison of Portlandite fraction computed by the current model with
that calculated by Peter et al. for S2 specimen
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The difference between the Peter et al. model and the current analysis values is again
ascribed to the sequence of carbonation of CH and CSH, as described earlier, and to the
manner in which the interaction between the solid phases and the pore solution is dealt with
in the current model.

The profile of the normalized concentration of the gaseous phase of CO; through the
specimen thickness is illustrated in Figure 3.5, which shows that the current model predicts
deeper penetration, but less concentration of the gas compared to Peter et al.’s model. The
differences can be ascribed to the manner that chemical equilibrium is established in the
two models.

Finally, the pH variation through the thickness of the specimen is plotted in Figure. 3.6.
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Fig. 3.5: Comparison of CO2(g) fraction computed by the current model with that
calculated by Peter et al. for S2 specimen
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Fig. 3.6: Comparison of pH values computed by the current model with those
computed by Peter et al. of S2 specimen

The difference in the pH values between the two predicted profiles by the two models can
be attributed to the difference between the predicted CH values by the two models, as

suggested by Papadakis et al.

pH =14+log(2[CH]) (3.67)

where [CH ] is the molarity of Portlandite

3.7 CONCLUSIONS

The coupled Nernst-Planck-Poisson equations governing carbon dioxide transport in
portland cement concrete by Fickian diffusion, electromigration and ionic activity are

solved using the Galerkin’s finite element method. Mass and charge conservation are
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preserved by considering the chemical equilibrium among the various species within the
concrete pore solution. Results of the study support the following conclusions:

1. As indicated by the close agreement between the results of the current model and
the corresponding experimental data, the model can accurately predict the coupled
effect of carbonation and chloride attack.

2. Compared to an existing detailed carbonation model, the current model appears to
more accurately determine the CH and CSH concentrations as well as the concrete
pH variation through the thickness of a specimen subjected to one-dimensional
carbonation.

3. Detailed consideration of the chemical reactions among the various species within
the concrete pore solution and establishing their equilibrium based on laws of
chemistry, as performed in the current model, lead to accurate estimation of the

concrete pH, after exposure to COx.
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CHAPTER 4

A REACTIVE TRANSPORT MODEL FOR CHLORIDE
MOVEMENT IN PRE-CARBONATED CONCRETE

41 ABSTRACT

The time-dependent transport of chloride ions in pre-carbonated concrete is modelled as a
sequential Nernst-Planck-Poisson (NPP) reactive transport process. First, the effects of
carbonation on the concrete physical and chemical properties are determined. Next, the
ingress of chlorides in the carbonated and non-carbonated portion of the concrete and the
ensuing changes in the relevant concrete properties are determined. To account for the
reactions among the chemical species in the pore solution and their
dissolution/precipitation, the transport model is supplemented with a comprehensive
chemical module that ensures chemical equilibrium among the species involved. By
quantifying the amount of Friedel’s salt formed during the chemical reactions, the free and
bound chlorides proportions are evaluated without resorting to empirical isotherms. The
changes in the pore solution pH, the concrete porosity, and the diffusion coefficients of the
relevant species due to the changes in the volumetric ratio of the solid phases within the
hydrated cement are also computed. The non-steady governing transport equations are
solved using the Galerkin’s finite element formulation and an implicit Euler scheme in the
time domain. The model is validated by the reasonable agreement between its results and
the corresponding experimental data in the literature for both non-carbonated and

carbonated concretes.
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4.2 INTRODUCTION

The corrosion of the steel reinforcement bars (rebars) is a major cause of the deterioration
of reinforced concrete (RC) structures exposed to aggressive environments. It shortens their
expected service-life and endangers their safety, unless timely and effective maintenance
and repair works are undertaken. The two main causes of steel corrosion in RC structures
are known to be chloride attack and carbonation. Once the concentration of free chloride
ions exceeds a certain threshold or the pH of concrete drops below a certain level at the
surface of the steel, the conditions for corrosion initiation are created (Papadakis et al.
1991). Hence, the key to predicting the service life of the structure and to undertaking
timely and effective repair is one’s ability to accurately estimate, spatially and temporally,
the extent of carbonation and chloride concentration in the structure. The end of service life
means that the structure at the end of this period may not be able to properly function
without extensive repair/rehabilitation. Although one could take core samples from the
structure to make these determinations, it would be intrusive and likely expensive.
Furthermore, the gathered information cannot be confidently extrapolated to the future or
to all other locations within the structure without a sound theoretical basis. Alternatively,
one can develop robust and validated theoretical models which can be applied by
themselves, or supplemented with limited test data, to assess the current condition and the
future status of the structure under prescribed exposure conditions.

Application of theoretical models for estimating chloride diffusion in concrete based on
Fick’s second law of diffusion date back to almost half a century ago, and they have

undergone gradual improvements over the years through the inclusion of the effects of
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temperature, relative humidity, degree of cement hydration and chloride binding on the
chlorides apparent diffusion coefficient (Collepardi et al. 1972; Saetta et al. 1993; Martin-
Pérez et al. 2001). Other models have been developed based on the Nernst-Planck-Poisson
(NPP) equations coupled with the enforcement of chemical equilibrium among the species
in the concrete pore solution (Samson and Marchand 2007a; Samson et al. 2005; Alsheet
and Razagpur 2020b). The latter are often termed reactive transport models and follow
procedures similar to those used in other fields such as hydrogeology (Xu et al. 1999).
Similar developments have taken place with respect to modelling carbonation of concrete.
Fickian diffusion models for ingress of CO; and its interaction with the chemical species
in the concrete pore solution and the solid phases in the hydrate cement were applied by
several investigators (Papadakis et al. 1991; Isgor and Razagpur 2004). A more advanced
NPP reactive transport model, including detailed consideration of the
dissolution/precipitation reactions, was developed by (Alsheet and Razagpur 2020a).
While chloride diffusion and carbonation in concrete have been individually extensively
investigated, their synergetic effect on concrete has received less attention, both
experimentally and analytically. Since exposure of concrete to the atmosphere leads to its
immediate carbonation, it is important to determine chloride diffusion in carbonated
concrete and to investigate the effects of carbonation on chloride diffusion properties in
concrete and on the durability of concrete structures.

The CO- diffuses into the concrete via the concrete pore solution, forms carbonic acid and
the acid reacts with the calcium hydroxide in the concrete and lowers its pH. The drop in

pH render the rebars vulnerable to corrosion (Papadakis et al. 1991). On the other hand,
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chlorides from deicing salts or marine water/vapor penetrate into the concrete and upon
reaching the surface of rebars, attack them by destroying their protective passive layer and
eventually causing corrosion (Hirao et al. 2005).

Carbonation can affect the concrete physically and chemically. Experimental evidence
(Suryavanshi and Swamy 1996; Gofii and Guerrero 2003; Geng et al. 2016; Zibara 2001)
reveals that carbonation of concrete samples previously subjected to chloride attack causes
increase in the concentration of free chloride in the concrete pore solution, thus bound
chlorides are released by carbonation (Zhu et al. 2016). Carbonation also causes reduction
in the porosity of portland cement concrete (Jeong et al. 2019), which impedes subsequent
diffusion of chlorides. It should be mentioned that in practice, chloride attack and
carbonation are more likely to happen sequentially rather than concurrently. As soon as
concrete/cement comes in contact with air bearing CO2, it is carbonated, but the diffusion
of CO2 into concrete is relatively slow compared to that of chloride. Hence, due to the
different rates of diffusion of the two phenomena, practically it is less likely that the two
will occur concurrently.

Available literature shows some numerical models that deal with combined chloride
diffusion and carbonation. (Zhu et al. 2016) used the traditional Fickian diffusion model,
while other researchers (Wang and Baroghel-Bouny 2012; Mai-Nhu and Sellier 2013;
Achour et al. 2019) applied the Nernst-Planck (NP) transport model under the assumption
of electroneutrality. Irrespective of the type of transport model, these researchers employed
some semi-empirical isotherms to model chloride binding. The effect of carbonation on

chloride ions diffusion was considered by modifying their diffusion coefficient as function
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of the reduction in concrete porosity and/or degree of moisture saturation induced by
carbonation. In some cases, the binding isotherm parameters were also empirically adjusted
to account for the effects of carbonation.

Wang and Baroghel-Bouny (2012) considered chloride binding in carbonated concrete to
be negligible. The effect of carbonation on chloride transport was modeled by scaling the
diffusion coefficient of chloride by the ratio of the porosity of carbonated concrete to the
porosity of the non-carbonated concrete. Mai-Nhu and Sellier (2013), on the other hand,
treated the chloride diffusion coefficient as a nonlinear function of the degree of saturation
of concrete. Moreover, they reduced the concrete chloride binding capacity as a function
of the amount of calcite (CaCOs3) produced by carbonation. Finally, they considered the
change in porosity as a function of the change in the volume of the solid phases due to
carbonation.

Achour et al. (2019) adopted the nonlinear relationship between the degree of saturation
and the diffusion coefficient in the saturated state as suggested by Mai-Nhu and Sellier.
They also used the latter researchers approach to adjustment of the chloride diffusion
coefficient based on the change in the concrete porosity. Furthermore, they modified the
values of the binding isotherm parameters to account for the lower binding capacity of
carbonated concrete. Finally, due to carbonation, Zhu et al. (2016) modified (a) the porosity
of concrete, (b) the binding isotherm parameters values, (c) the chloride diffusion
coefficient as function of the ratio of the tortuosity and constructiveness of the non-
carbonated to those of the carbonated concrete. Table 4.1 provides a summary of the key

features of the afore-mentioned models.
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The use of empirical isotherms in conjunction with the NP model and the assumption of
electroneutrality make the above models semi-empirical and the accuracy of their results
will depend on the selected binding isotherm and the selected values of its parameters. To
avoid this issue, in this study, first the NPP transport model will be applied to track the

Table 4.1: Key features of some recent investigations on modeling combined chloride
diffusion and carbonation

Transport mechanisms Chloride binding
Research work : Year
Fick'slaw NP | Isotherms ~ _Cnemical
Equilibrium
Wang and
Baroghel-Bouny v v 2012
(2012)
Mai-Nhu and
Sellier (2013) v v 2013
Zhu et al. (2016) v v 2016
Achour et al.
(2019) v v 2019

transport of the ionic species in both the carbonated and the non-carbonated concrete. Since
in the NPP model the electric field created by the ions in the pore solution will be
determined by solving the Poisson’s equation, the assumption of electroneutrality is
dispensed within this investigation. Furthermore, chloride binding will be modelled by
monitoring the formation of Friedel’s salt and the associated dissolution/precipitation
reactions rather than applying any empirical isotherm. Chemical equilibrium among the
various species within the concrete pore solution will be satisfied and any change in the

species concentration caused by chloride diffusion or carbonation will be quantified. The

107



Feras Alsheet McMaster University
Ph.D. Thesis Dept. of Civil Engineering

change in concrete porosity will be evaluated by tracking the changes in the solid phases
volume due to the chemical reactions within the concrete pore structure.

The writers believe that the fundamental and novel approach followed in the proposed
model minimizes empiricism and it can be extended to other chemical interaction
phenomena in concrete, such as combined chloride and sulfate attack. It is important to
mention that in its present form, the proposed model treats carbonation and chloride
diffusion as sequential, rather than concurrent, processes. Although here carbonated
concrete was subjected to chloride diffusion, the model is able to simulate the two
phenomena occurring in reverse order. Since carbonation does not occur under fully
saturated condition while chloride diffusion often occurs in the saturated state, the

preceding limitation may not pose a serious practical problem.

4.3 GOVERNING EQUATIONS OF THE PROBLEM

4.3.1 Modeling ionic species transport

The transport of ions in the porous media, such as concrete, can be modelled as a reactive
transport process using the Nernst-Planck-Poisson’s (NPP) system of equations (Alsheet
and Razaqgpur 2020b; Samson and Marchand 2007b), coupled with the relevant chemical
equilibrium equations. In their general form, the NPP equations are basically the
conservation of mass and charge equations that can be written for any chemical species i

as
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%+%—V. D.wVc, + Dwz,F Vi +DwcV (Iny, )+ D,cVw |[+wr, =0 (4.1)
ot ot RT
F n
V.(TWV(//)+;W(Z zicij:O (4.2)
i=1

In addition, Eq. 4.1 is coupled to Richards equation, Eq. 4.3 (Samson and Marchand 2007b;

Taigbenu 1999), for determining the moisture transport in concrete as

oW
o V. ( DWVW) =0 (4.3)

where C; , Zj, D, and };, respectively, are the concentration, valence number, diffusion

coefficient (m?/sec) and activity coefficient of species I, F is Faraday constant =

96,488.46 (C/mol), ris the apparent tortuosity of the concrete pore structure, which

includes the tortuosity and constrictiveness of the porous medium, ¢ is the concentration

of the solid phase i (mol/m?), W; is the volumetric solid phase content (m*/m3), W is the
volumetric water content (m3/m?), n is the number of species, R is the ideal gas constant
= 8.3143 (J/mol/K), T is temperature of the solution (K), i is the electric potential (V),
I - source/sink term, accounting for the production/consumption of species i . Note, in the

current work moisture transport is assumed to take place in liquid form only.
Equations. 4.1 to 4.3 are general and can be applied to model three dimensional transport
processes, but in the field of concrete science, it is common practice to treat chemical

diffusion and other permeation phenomena as one-dimensional transport processes, from
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the member exposed surface into its thickness, in which case, the above equations can be

written in expanded form as Eqs. 4.4 to 4.6, respectively.

. . Dwz : o wee?
owe) 0| o o6 DWF oy ooy oo ow| o)
ot OX OX RT OX OX OX ot
%/_J
molecular electromigration chemical activity ~ advection
(4.4)
d d F (D
— rw—l’// +—w| > z¢ |=0 (4.5)
dx dx g \i=l
ow 0 ow
—-—| D, = |=0 46
ot GX( Wax) (4.6)

The first term in the curly bracket on the left-hand side of Eq. 4.4 represents Fickian or
concentration driven diffusion, the second term ionic migration due to the electric field
created by the ions within the concrete pore solution, the third transport due to chemical
activity, which reflects the effective concentration of a species in a multi-ionic solution,
and the last term represents transport by advection (Achour et al. 2019; Samson and
Marchand 2007b). In the present study, it is assumed that transport of chemical species
occurs under constant temperature and humidity conditions, therefore, transport by
advection is neglected. Moreover, for determining non-ionic species transport, e.g. COxz(g)
and H>CQOg, considering the molecular diffusion term in Eq. 4.4 alone will be sufficient.

For a chemical solution containing i (i =1,n) ionic species, applying Eq. 4.4 to each
species at a time, results in n equations, but due to the presence of the electric potential and

advection terms, the system of equations will contain (n+2) unknowns. Therefore, to
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obtain a unique solution, another two relation are necessary among the unknowns of the
problem. The additional relations are provided by the Poisson’s equation (i.e. Eq. 4.5),
which relates the electric potential to the charge distribution in the medium (Christopher
and Shipman 1968), and Richard’s equation, which provides the moisture distribution
through the concrete thickness.

The right-hand side of Eq. 4.4 is related to the solid phases in the hydrated cement and their
chemical reactions while the left-hand side is related to the transport of the relevant ionic
species. By applying the operator-splitting approach, one can solve Eq. 4.4 in two separate
modules (i.e. transport module and chemical module). The two modules are solved
following a sequential non-iterative approach (SNIA). Local chemical equilibrium can be
assumed at each point in the medium for the majority of the ionic transport problems
(Samson and Marchand 2007b). Thus, the SNIA approach can be applied to the reactive
transport of porous media.

Under the assumption of constant temperature and humidity, the diffusion coefficient in
porous media can be written as function of the porosity and the tortuosity of its pore

structure as ( Samson and Marchand 2007b)
D; =zD{P(D) (4.7)

where Dio is the diffusion coefficient of species 1 in free-water (m?/sec). Value of Dio for
all the species involved in chloride ingress and carbonation are given in Table 4.2 (Rumble

et al. 2019). P(D)is a coefficient that accounts for the change in porosity due to
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dissolution/precipitation of solids during the diffusion process and can be evaluated as
proposed by Samson and Marchand (2007b), i.e.

434NV
3N

P(D)=S . |
(D) KET (4.8)

where ¢0 is the initial porosity of concrete, ¢ is the porosity of concrete at a given age, per

Eg. 4.9, and Vp is the volumetric paste content (m*/m3) of concrete
M\ ini
=g+ 3 (Vo' Vi (4.9)
m=1

where V" and V,,, , respectively, are the initial and instantaneous volumetric content of a

given solid phase (m®/m?), and M is the total number of solid phases. The quantity Vm is
determined by enforcing mass balance after each dissolution/precipitation reaction while
Vn:”i is found by determining the quantity of each solid phase prior to the commencement

of diffusion.

The diffusion coefficient of gaseous CO: is given by Papadakis et al. (1991) as follows:
Dloyy =1:644"° (1-RH /100)** x10°° (4.10)

where RH is the relative humidity (%)
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Table 4.2: Diffusion coefficient in free water, Dio , for species i in the concrete pore

solution (Rumble et al. 2019; Papadakis et al. 1991)

Species Dio (m?/sec) Species Dio (m?/sec) Species Dio (msec)
x 107° x 10-° x 10-°

OH 5.27 SO4* 1.07 CO2(aq) 1.1628

Na* 1.33 ca®* 0.792 COs* 0.96

K* 1.96 Cr 2.03 HCOgzs 1.18

Al(OH)s" 0.54 H2CO3 0.0289 H* 9.31

4.3.2 Modeling chemical activity

The chemical activity coefficient can be evaluated using different models, varying in
complexity from simple, e.g. Debye-Huckel and Davies (Moore 1998), to complex, e.g.
Pitzer (Pitzer 1991). According to Samson et al. (1999), the modified Davies relationship
given by Eqg. 4.11 yields good results for a wide range of ionic strengths, hence it is adopted

in the current work

(02—417m04|y
V1000

Y[
1+aBI

(4.11)

where 1, is the ionic strength (mM), given by Eq. 4.12, A and B are temperature
dependent parameters given by equations Egs. 4.13 and 4.14, and @; is a fitting parameter

(m) given in Table 4.3

| =0.5Y; 77, (4.12)
A:ﬂ (4.13)
3/2 )
87(&RT)
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/2F 2

B=,— (4.14)
ERT

where € is the electric charge of one electron 1.602x102° C. For the common ions present

in the concrete pore solution and those involved in chloride diffusion and carbonation,

values of parameter d; are shown in Table 4.3.

Table 4.3: Parameter @; value for common ions in the concrete pore solution: (Samson et
al. 1999; Gustafsson 2014)

a; (m) a; (m) a; (m) a; (m) a; (m)
lon o0 | 1o o0 [ 1oM g0 lon x 1010 | 1Oy 1g0
OH- 3 SO4* 1 K* 33 |AIOH)s 15 |COs* 54
Na* 3 Ca®* 1x10% |cCl 2 HCO3 5.4 H* 1

a; for HCO3', COs*, and H* were not given in by (Samson et al. 1999), hence they were

determined here using the Debye-Hiickel’s model.

4.3.3 Modeling chemical reactions

There are two sets of chemical reactions involved in the current investigation, and each set
may involve two types of reactions, viz. dissolution/precipitation and ion exchange. The
first set pertains to concrete carbonation reactions, which is assumed to precede chloride
diffusion, and the second set to chloride ingress into carbonated and non-carbonate

concrete. The pertinent reactions are summarized below.
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4.3.3.1 Carbonation reactions
The concrete carbonation involves the following set of reactions (Alsheet and Razagpur

2020a; Thiery 2005; Revert et al. 2019)

CaCO,, &2 Ca*" +CO;” (4.15-a)
Ca(OH), = Ca®* +20H" (4.15-b)
AFt = 6Ca* +40H "~ +3S0; +2AI(OH), (4.15-C)
AFmM 2> 4Ca* +40H ™ + SO} +2AI(OH), (4.15-d)
CO, . + H,0 = H,CO, (4.15-e)
H,CO, @ HCO; +H* (4.15-f)
HCO;, 2 COX +H" (4.15-9)
H,0 2 OH +H" (4.15-h)

In addition, Berner (Berner 1992) reported that CSH also partially decalcifies in the given

C/S (Ca/Silica) ratio, which was expressed as

CSH — CaH,SiO, +0.65Ca(OH ), (4.16)

Hence, the latter decomposition increases the portlandite concentration in the pore solution.

However, Berner also noted that the portlandite in Eq. 4.16 dissolves with a solubility
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constant of 10 for the given C/S ratio versus the 102 for the portlandite produced during
the cement hydration.
The balance between the gaseous and aqueous phases of carbon dioxide can be modelled

using Henry’s law (Peter et al. 2005)

oy = C* (€™ Crg, ~Cor,) (4.17)

Henry

where C®is the interfacial mass-transfer coefficient (taken as 0.0116 1/s) and C™™is

Henry’s constant (taken as 0.85) as per (Peter et al. 2005) suggestion.

4.3.3.2 Chloride diffusion reactions

Friedel’s salt forms by the ion exchange process between the chloride and the sulfate ions
in Alumina-Ferric Oxide-Monosulfate (AFm) phases in hydrated cement (Johannesson et
al. 2007; Jones et al. 2003), which follows the series of reactions below (Alsheet and

Razagpur 2020b; Samson and Marchand 2007b)

Ca(OH ), =2 Ca* +20H" (4.18)
AFt = 6Ca** +40H ™ +3S0;™ +2AI(OH), (4.19)
AFmM 2 4Ca* +40H™ + SO} +2Al(OH), (4.20)
AFm* —S0Z |+2CI- <:>[AFm+ —2CI‘]+SO4‘ (4.21)
—_—
monosulfate Friedel 's salt
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Chemical reactions are modelled by applying the law of mass action per Eq. 4.22, which

embodies the law of conservation of mass and charge (Moore 1998)

N
H m';/]vm' m=1...,M (4.22)

where C; and vi are the molar concentration and ionic activity coefficient of ion i, Km §

the solubility constant of the m ™ solid, and Vv, is the stoichiometric coefficient of species

I inthe m™ solid, M is the total number of solids, and N is the total number of ions in the
solution. Values of Ky for the common solid phases in concrete are given in Table 4.4

(Samson and Marchand 2007D).

Table 4.4: Solubility constants for different solid phases

Solid Phase Equilibrium relationship —log(K,,)
Portlandite Kep, =1Ca}{OH }2 5.2
decactcaion) Ko = CRHOH)’
Calcium carbonate Ksps =1Ca}{COs} 8.48
Ettringite Kep, = {Ca}*{OH}*{s0,}*{Al(OH),}" 44
Monosulfate Kepg ={Ca}* {OH}*{SO, }{Al(OH),}" 29.4
Friedel’s salt Ky = {C1}?[AFm]/{SO,}[FS] -3

{..} indicates activity of species, [..]indicates the solid content in mmol/g of concrete.
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44 FINITE ELEMENT FORMULATION

4.4.1 Numerical formulation of transport governing equation

The system of Eqgs. 4.4, 4.5 and 4.6 are solved to model the transport of the chemicals
within the concrete pore solution. The Galerkin’s weighted residual method (Zienkiewicz
et al. 2013) is applied to convert the governing partial differential equations Eqgs. 4.4 to 4.6
into a set of algebraic equations within the finite element method framework. As the
governing equations are all second order, in one dimension, a linear finite element (FE),
with two end nodes, suffices to satisfy the continuity requirements. The details of the
Galerkin’s FE formulation is presented elsewhere by the authors and others (Alsheet and
Razagpur 2020b; Samson and Marchand 2007b); it results in the following set of algebraic

equations
[CI{U}+[K]{u}=0 (429
where [C] and [K] are the global capacitance and conductance matrices and {U} is the

vector of the nodal degrees of freedom or unknowns. The global matrices are obtained by
assembling the corresponding element matrices, designated by the superscript e, and are

computed as

[cT =A{ [N]' [W][N]dx (4.24)
[K]° = Alj[B]T [kDE][B]dx+A{[N]T [kCA][N]dx+A{[B]T [k, |[NJdx  (a.25)
where
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where x is a local coordinate (x = 0 at node 1 and x = ( at node 2), ( is the element length

and A is its cross-sectional area. The matrices [K ¢ |, [Kea ], [K- ] are constitutive matrices

for diffusion plus electromigration, chemical activity, and electric potential, respectively.
A two-point Gauss quadrature is used to perform the integrations numerically.

So far, only the procedure for the discretization of the continuum in spatial domain is
shown. The time domain discretization of the quasi-harmonic Nernst-Plank-Poisson’s
equations are performed following a first-order single time-step algorithm with implicit

Euler scheme as follows (Zienkiewicz et al. 2013):

[Ct] {Ut}_A{tUt—At} +[Kt][Ut]=0 4.32)

which can be re-arranged as
([C ]+ At[K U} =[C, (Ui} (4.33)
where the subscript t represents time. The vector {Ut} contains nodal unknowns values

at the current time step, while _At ( contains their values at the previous time step,
t th t time step, while {U_A¢ { contains their values at th time st

At is the time-step, and [Ct] is the lumped capacitance matrix by summation of rows

method, a process which improves the convergence of the selected time-discretization
scheme.

Equation 4.33 represents a system of nonlinear equations, which need to be solved at each
time-step. Several methods can be used to solve this system (Heath 2018); here, the

Newton-Raphson’s scheme is applied
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4.4.2 Numerical formulation of the chemical equilibrium relations

The mass action law stated in Eq. 4.22 can be applied to each of the chemical reactions
4.15 to 4.21, and the concentration of each of the ions and solids involved at a given time
in the analysis can be expressed in terms of its concentration at the beginning of the time
step and any change in its value during the given time increment. For the carbonation

analysis, the relevant chemical equilibrium equations are expressed as

Ca™ |=|Ca™ | +& +& +64 +44y (4.34)
:Cosz _] = [Cosz ) ]0 +& + & (4.35)
[OH™ | =[ OH™ | +2& +4& +45y +&m (4.36)
HT J=[HT] o+ &+ &+ S (4.37)
[H2CO,]=[H,CO5 ], + & — &y (4.38)
| HCO; |=| HCO; | +&n —&n (4.39)
[ COsaqy | = COaqy ], ~ & (4.40)
[H2O]:[H20]o — Sy S (4.41)

while for the chloride analysis, involving chloride diffusion in carbonated or non-

carbonated concrete, the pertinent equations are
[Ca] - [Ca]o +&on +68nr +4S0en (4.42)
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[OH]=[OHT +2&,, + 4%, +8E e, (4.43)

[804] = [804]0 + 3§AFt + Sarm — SFs (4.44)
[AI(OH),]=[AI(OH), ] +2&,, + 22, (4.45)

[Cl]=[CI] +2& (4.46)

where [ ]0 represents the concentration at the end of a time step obtained from the solution

of the transport equations, which may not satisfy chemical equilibrium. Hence, to restore
chemical equilibrium, the concentrations must be adjusted according to the latter two sets
of chemical equilibria.

In the above equations, the symbol &s refers to the unknown amount of species s that must
dissociate or precipitate to restore chemical equilibrium in the pore solution. With reference
to the solubility constants in Table 4.4, the relevant concentrations from Eqs. 4.34 to 4.46
can be substituted in the second column of Table 4.4, but because the latter concentrations
will not automatically satisfy equilibrium, for the case of chloride diffusion, for example,

the equations will produce residuals as shown below

Ren = {Ca}{OH}* — Ky (4.47)
2

Rar ={Ca}” {OH}*{SO,’{AI(OH),} —Kgy  (428)
2

Rapm ={Ca}* {OH}* (SO, }{AI(OH), "~ Kys  (4.49)

Res = {CI}*[AFm]/{SO,}[FS]-K,, (4.50)

122



Feras Alsheet McMaster University
Ph.D. Thesis Dept. of Civil Engineering

Following Samson and Marchand ( 2006), determination of the unknow &s values involve
a set of nonlinear equations that must be solved iteratively until equilibrium is satisfied, or
the Rs become negligibly small, based on a prescribed tolerance. This process can be

expressed as
RIS s
e} ={e +{ag] (@.52)

where [Kr] is the tangent matrix, j is the iteration number and A§ is the correction applied
to restore equilibrium. For example, for the species involved in chloride diffusion, the

tangent matrix is given as

aRCH aRCH aRCH aRCH

aé:CH 8é:AFt a§AFm aé:FS
aRAFt aRAFt 6RAFt aRAFI

[ KT ] _ a§CH a§AFt a§AFm aéFS (453)
aRAFm aRAFm 6RAFm 6RAFm

aél:CH 8é:AFt a§AFm a§FS
al:QFS aRFS aRFS aRFS

L a§CH 6é:AFt agAFm agFS _

Once equilibrium is satisfied, the solid phases contents are updated using
S =St —wET, [ p (4.54)
where S, is the content of solid phase m [g/kg of concrete], I, is the molar mass of the

solid m[g/mol], pis the density of saturated concrete [kg/m?], and superscript t indicates

the time-step. It should be mentioned that the change in the solid content is accompanied
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by change in volumetric water content, but in the current model the later change is assumed
to be negligible. The validity of this assumption may need further investigation.
Figure 4.1 schematically summarises the key steps in the numerical model for determining

chloride diffusion through carbonated concrete.

Input Perform Perform Output
» Pore Solution gartl)or]anon Xhlt?rlqle . Pore
« Solids nalysts nafysts solution
« Boundar » Egs.(4.15-ato » Eqgs. (4.18 composition
conditior¥s 4.15-h) to 4.21) and solids
content
profiles

Fig. 4.1: Process of applying chloride analysis on carbonated sample adopted in this
paper

The overall flowchart for the implementation of the time-dependent NPP reactive transport

model in the current study is illustrated in Figure 4.2.

45 MODEL VERIFICATION

The implementation and expected accuracy of the foregoing NPP reactive transport model

is demonstrated by comparing its results with available test data in the literature (Yuan et

al. 2013).

4.5.1 Physical tests description and associated material properties
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The experimental work of (Yuan et al. 2013) is selected to check the validity of the model
and the accuracy of its result. Their tests involved chloride diffusion, carbonation and
combined chloride diffusion and carbonation on a number of concrete samples. The tests
were performed in two phases: in Phase I, one set of samples was subjected to unidirectional
chloride diffusion for two months while the other set was exposed to unidirectional
carbonation for 14 days. In Phase 11, the carbonated samples from Phase | were subjected
to chloride diffusion for two months under identical environmental and exposure conditions
as in Phase | diffusion tests. These tests are simulated here using the proposed model and
the results are compared with the corresponding experimentally measured pH values,
carbonation depth and chloride profiles. In addition, detailed changes in the hydrated
cement solid phase content precipitated by the intrusion of the above agents and their

interaction are shown.
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S

A 4

INPUT
Pore solution, solid phases, cement, water content,
boundary conditions, ¢, p, 7, T, DY, RH, dt, F, R, z;, a;

\4
Divide analysis duration t into n steps At = t/n
As represented by Egs. 4.23 to 4.33

Apply Transport Module
As represented by Egs. 4.23 to 4.33
v
Apply Chemical Module
As represented by Eqgs. 4.34 to 4.54

v
Update
¢, D;, Pore solution concentrations, solids content

v

Update time
ti+1 = ti + At

NO

Is updated time >
Specified duration?

OUTPUT
Pore solution and solid phases profiles

v

C o

Fig. 4.2: Flowchart for the finite element implementation of the model.
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It is important to point out that the proposed model requires detailed input data about the
anhydrous cement composition and the hydrated concrete microstructure and diffusion
properties. Since the full suite of required data is rarely reported in experimental works, it
becomes necessary to make reasonable assumptions and estimate the missing values of the

required parameters. This approach was followed to perform the present simulations.

The experiments by Yuan et al. (2013) involved sets of concrete cubes 100 mm on side,
made with ordinary portland cement (OPC) and having different mixture proportions as

shown in Table 4.5.

Table 4.5: Mix proportions of samples used by Yuan et al. (Yuan et al. 2013)

Superpl

Concrete Cement Water Gravel Sand W/C A/C asticizer Density
Mix (kg/m3)  (kg/m®) (kg/m®) (kg/m3) (-/-) (/) (%) (kg/m3)

I 457 160 1,159 624 0.35 3.90 0.5 2400

1 355 160 1,210 675 045 531 0.5 2400

i 290 160 1,267 683 055 6.72 0.5 2400

Since (Yuan et al. 2013) did not provide the chemical composition of the OPC in their
mixes, it was estimated based on the guidelines in (Kosmatka et al. 2002), with SiO2, CaO,

Al>O3z, and SOs3 being 20.2%wt, 63.2%wt, 4.3%wt, and 3.2%wt, respectively. The porosity
¢ of the test samples, shown in Table 4.6, were reported by the latter investigators, but

their initial tortuosity r was not, hence the tortuosity values in Table 4.6 were estimated
using a trial-and error approach. Note, the subscripts “0” and “c” in the latter table

designate the virgin and the carbonated concrete, respectively.
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For estimating t, different values were assumed until the computed concentration at one
point near the exterior surface closely agreed with the corresponding experimentally
measured chloride concentrations at the same location. Since the current model is not
designed to track the evolution of the concrete microstructure, the preceding approach for
estimating tortuosity, albeit semi-empirical, was found to give reasonable results in the
present simulations. It should be mentioned that proprietary computational models already
exist for the evaluation of concrete porosity, tortuosity and microstructure evolution

(Bullard et al. 2018).

Table 4.6: Tortuosity and porosity of the samples under consideration

Sample #y P. fo Fo
® () ()

| 10.86 8.82 0.1797 0.1348
I 1159 7.53 0.2400 0.0218
i 16.72 10.2 0.1282 0.0160

The amount of carbonatable solid phases in hydrated cement was estimated per Papadakis
et al. (2000) recommendation as
CH =029C - 05P (4.55)
CSH =057C - 0.79P (4.56)
where: C, P respectively, denote cement and SCM (Supplementary Cementing Materials)

mass content (kg/m? of concrete).

To calculate the molar concentration (mol/m® of concrete) of Ettringite (AFt) and
Monosulfate (AFm), a modified form of Samson and Marchand’s (2007b) proposed
equations were used as shown below
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3&[AFt]o +&[AFm]O =10S0, 5 (4.57)
pC pc 803
ZQ[AFt]0 + ZM[AFm]0 :10A|203ﬂ ~280 i[CSH ], e (4.58)
P yor ALO, FAI203 L

where I'; is the molar weight of substance 1 (g/mol), éAlzos is the amount of Al,Os which
substitute in the CSH, taken here to be 1% (Planel 2002; Samson and Marchand 2006),
SO,and AlO,are the %wt of these compounds in the concrete while p, is the density
(kg/m?®) of concrete.

The computed hydrated solid phases in the concrete samples are summarized in Table 4.7.

The solid phases of the carbonated samples were calculated using the carbonation model

developed by the writers (Alsheet and Razagpur 2020a).

Table 4.7: Initial hydrated solid phases for both carbonated and non-carbonated samples

. CH CSH AFt AFm AFmcarb
Mix mol/m®  g/kg mol/m?3 g/kg | mol/m® g/kg | mol/m® g/kg g/ kg
I 1,788.8 55.2 | 2,039.5 1085 4.9 25 | 160.1 415 34.1
1 1,389.5 429 | 15843 843 3.8 20 | 1244 322 26.6
Il 1,135.1 350 | 1,294.2 68.9 3.1 16 | 1016 26.3 21.7

AFmCa indicates the concentration of AFm in fully carbonated samples

In the fully carbonated zone, having carbonation degree, «, , equal to 100% as per Eq. 4.59

(Matsushita et al. 2000), the concentration of CH is deemed negligible. Moreover, by

comparing the AFm solid phase in carbonated and non-carbonated samples in Table 4.7,

the carbonated samples have lower AFm content, thus they have lower binding capacity as
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binding is based on ion-exchange between CI~ and SO;? in AFm phases, which results in

the formation of Friedel’s salt as per Eq. 4.21.

CO,)-(CO
o = (C0,)~(CO,), x100 (4.59)
(COZ)MAX _(COZ )0

where () is molar concentration (M), subscript “0” and “MAX " correspond to initial CO-
concentration in the sample and maximum (ambient) concentration, respectively.

The initial pore solution composition for non-carbonated samples was estimated
based on data reported by Samson and Marchand (2006) for a mix with similar
composition, but for the carbonated pore solution, it was obtained by analysis

using the carbonation model of Alsheet and Razagpur (2020a). The pore solution

composition for the non-carbonated concrete is shown in Table 4.8.

Table 4.8: Pore solution composition for non-carbonated zones of samples analyzed

. OH- Na* K* S04 Ca** CI Al(OH)4
Species -
mole/m? of pore solution
Concentration | 2735 | 133.5 | 140.1 1.7 1.7 0 0.1

As the carbonation degree through the sample thickness varies (being 100% at exterior
surface, 0% at the interface of the carbonated and non-carbonated concrete inside the test
sample), for simplicity certain properties of the carbonated concrete layer were assumed to
vary linearly through the carbonated layer thickness. These include porosity, tortuosity, and

the diffusion coefficient. Using the model in (Alsheet and Razaqpur 2020a), the depth of
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the carbonated zone was found to be 12 mm, which agrees with the estimated values based

on the experimentally observed concrete pH variation through the sample thickness.

45.2 Finite element discretization

For the finite element modelling, only half of each concrete cube thickness, i.e. 50 mm,
was discretized because the experimental results indicated chloride diffusion through less
than 20 mm of the thickness in the non-carbonated and the carbonated samples. The same
finite element mesh was used for modelling all the test specimens, and it comprised
elements of length 0.1 mm for the first 5 mm from the exposed surface, 0.5 mm for the
elements located from 5 to 10 mm from the surface, and 1 mm for the elements within the
remaining 40 mm. The time step was selected to be 900 sec based on the suggestion in the
literature (Samson and Marchand 2007b), the writers own experience (Alsheet and
Razagpur 2020b; 2020a) and after performing a sensitivity analysis.

In Phase 1, following the relevant Chinese standard (GB National Standard 2010), the test
samples were subjected to either accelerated carbonation for 14 days or to salt spray for
two months. In Phase Il, the pre-carbonated samples were subjected to salt spray for two
months. The exposure conditions for the tests are shown in Table 4.9. Note, the chloride
diffusion tests on the virgin and the carbonated concrete were performed under similar

exposure conditions.
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Table 4.9: Exposure conditions for the carbonation and chloride diffusion tests ( Yuan et
al. 2013)

Carbonation All Chloride

Property Test Tests Unit
Temperature 20 35 °C
Humidity 75% 100% -
CO:2 Concentration 20% (7.9) - -- (mol/m? of pore solution)
NaCl Concentration -- 5% (856) -- (mol/m?3 of pore solution)

4.5.3 Model results and comparison with experimental data

First, to gauge the correct implementation of the model and the relative accuracy of its
results, the model results are compared with the corresponding experimental quantities.
Next, additional results are presented which show the changes in the solid phases contents
caused by the synergetic effects of carbonation and chloride diffusion.

Figure 4.3 shows the experimentally measured and presently computed pH variation
through the thickness of the carbonated concrete samples after 14 days of exposure to
carbonation. It can be observed that the model results are in reasonable agreement with the

experimental data.
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Fig. 4.3: pH variation with distance from the exposed surface for carbonation test of

cubes of concrete mix Il after 14 days of carbonation

It should be mentioned that the pH was calculated using the following chemical equation

(Papadakis et al. 1991)

PH =740 (14) + 109, (264 [CH]) (4.60)
The portlandite and CO2 gas concentrations through the samples were obtained using the
carbonation model. These concentrations are illustrated in Fig. 4.4, where one can observe
that the carbonation front is approximately 12 mm, which is in agreement with the reported

value by (Yuan et al. 2013).
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Fig. 4.4: Computed CO> and CH profiles for Mix | samples at 14 days of exposure

Figures 4.5 to 4.7 show the computed and measured free chloride concentration profiles of

carbonated and non-carbonated samples made of concrete Mix | to Ill, respectively. The

shown concentrations were reached at the end of the two months of salt exposure. These

figures, together with Figs. 4.3 and 4.4, demonstrate good agreement between the

experimental and computed values for both the non-carbonated (virgin) and carbonated

samples, which verifies the basic theory of the proposed model and its numerical

implementation.
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Fig. 4.6: Experimental and computed free chloride content of carbonated and non-
carbonated Mix Il samples after two months of salt exposure
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Fig. 4.7: Experimental and computed free chloride content of carbonated and non-

carbonated Mix | samples after two months of salt exposure

As stated earlier, the model can capture changes in the hydrated cement solid phases caused
by the ingress of chlorides or CO». Figures 4.8 to 4.10 illustrate the changes in the Freidel
salt (FS) and Monosulfate (AFm) contents of the samples made of Mix I to 111, respectively.
It can be observed that in all three mixes, carbonation causes reduction in the concrete
chloride binding capacity and in the formation of the Monosulfates. As expected, the
binding capacity decreases with increased W/C ratio or alternatively with the reduction in
the cement content of the mix. The reduction is approximately 25% for samples of Mix |

and more than 50% for those of Mix IlI.
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Fig. 4.8: FS and AFm contents of carbonated (C) and non-carbonated (NC) samples of

concrete Mix | after two months of exposure to salt
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Fig. 4.9: FS and AFm contents of carbonated (C) and non-carbonated (NC) samples of

concrete Mix Il after two months of exposure to salt
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Fig. 4.10: FS and AFm contents of carbonated (C) and non-carbonated (NC) samples of

concrete Mix Il after two months of exposure to salt

Figure 4.11 shows the change in the Ettringite (Aft) content and the porosity of the
carbonated and non-carbonated samples made of Mix | after two months of exposure to
salt. The figure shows that chloride ingress by itself causes practically negligible reduction
in porosity, but carbonation causes significant reduction. In Fig. 4.11, the reduction caused

in the fully carbonated zone is approximately 18%.
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Fig. 4.11: AFt content and porosity profiles of carbonated (C) and non-carbonated (NC)

samples made of Mix | after two months of salt exposure

Figure 4.11 also shows that the reduction in the AFm content in the carbonated samples

results in the diminuition of its AFt content.

Finally, the pH profiles in Figure 4.12 for the carbonated and the non-carbonated samples
exposed to salt spray show that chloride diffusion in the non-carbonated sample causes
a small reduction in pH while carbonation results in a significant drop from approximately

12 to 8.5.
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Fig. 4.12: pH variation with distance from the exposed surface in carbonated (C) and

non-carbonated (NC) cubes of concrete mix Il after two months of chloride exposure

The above results demonstrate that the current model can provide detailed information
about the chemical and physical changes occuring in concrete due to chloride diffusion,
carbonation or their combined action. Analyses of this kind can provide a more quatitative
basis for assessing the effects of chemicals intruding into concretes of known composition
and enables one to more rationally estimate the expected or remaining service life of

a reinforced concrete structure exposed to variable environmental and exposure conditions.
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4.6 CONCLUSIONS

The coupled Nernst-Planck-Poisson (NPP) equations governing the transport of ionic and
non-ionic species in portland cement concrete by Fickian diffusion, electromigration and
ionic activity were solved using the Galerkin’s finite element method. Chemical
equilibrium and mass conservation were satisfied via a dedicated chemical module in the
model. The synergetic effects of chloride diffusion and carbonation on the changes in the
physical and chemical composition of concrete were investigated and compared with

available experimental data. Results of the model support the following conclusions:

1. It is possible to accurately model chloride diffusion and carbonation in virgin
concrete and to predict the expected changes in the concrete physical and chemical

properties caused by these actions.

2. The inclusion of a robust chemical module in the NPP model makes it possible to
evaluate the synergetic effects of chloride diffusion and carbonation on the concrete

physical and chemical properties and on the associated structure service life.

3. Although the NPP reactive transport model requires more detailed information
about the chemical composition and microstructural properties of concrete than a
typical Fickean diffusion model, and the accuracy of its results will depend on the
availability of such data, it may still be possible to obtain reasonably accurate results

via judicious estimation of the missing data.

4. The model provides a more accurate estimate of the chemical chloride binding

capacity of concretes with different compositions than the empirical isotherm
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approach because it can simulate dissolution/precipitation reactions in the concrete

pore solution caused by the changes in the chemical composition of the solution.

5. The model can be theoretically more accurate and predict the reduction in the

concrete pH and porosity due to carbonation.
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CHAPTERS
SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

5.1 SUMMARY

This dissertation focuses on the modeling of concrete carbonation and the ingress of
chlorides into non-carbonated and carbonated concrete. The objective is to determine the
effect of the ingress of these deleterious agents on the concrete physical and chemical
properties, with particular focus on its free chloride concentration and pH variation, which
can be used to predict the corrosion initiation time in reinforced concrete structures. The
Nernst-Planck-Poisson (NPP) transport model is coupled with the relevant chemical
equilibrium equations of the various species in the concrete pore solution and the solid
phases in the hydrated cement. For determining the transport of CO2, which occurs in
partially saturated concrete, Richard’s equation is applied to find the moisture distribution
in the concrete. The transient one-dimensional governing transport equations are solved
numerically, using the Galerkin’s finite element method in space and the Euler implicit
scheme in the time domain. Results of the model are compared with available data that
were obtained from the exposure of concrete test specimens to chlorides, CO. or to
combined CO2 and chlorides under prescribed exposure conditions. In all cases good

agreement is observed between the model results and the corresponding experimental data.

In addition, the model is used to investigate the effect of the chemical composition of the

deicing salts on the transport of the chloride ions and their chemical interaction with the

150



Feras Alsheet McMaster University
Ph.D. Thesis Dept. of Civil Engineering

species in the concrete pore solution, and with the solid phases in the hydrated cement. In
all cases, at each stage of the analysis, the hydrated cement solid phases contents, the pore
solution chemical composition and pH, the amount of bound and free chlorides and the

concrete porosity can be ascertained.

5.2 CONCLUSIONS

1. The Nernst-Planck-Poisson (NPP) reactive transport model can reasonably accurately
capture the physical and chemical change caused by the ingress of chlorides and COz in

concrete.

2. The finite element method can be used to cast the transient one-dimensional governing
differential of the NPP model into numerical form and solve the problem of chlorides and

COz transport in concrete under prescribed boundary and initial conditions.

3. The NPP model includes transport by Fickian diffusion, electromigration and ionic
activity. Results of this study indicates that in the case of chlorides transport in fully
saturated concrete, Fickian diffusion is the dominant transport mode, followed by
electromigration while transport by ionic activity is negligible due to the dilute nature of
the solution. Consequently, the latter can be neglected, without significant loss in the
accuracy of the results. In the case of concrete under wet/dry cycles, advection can be

important at depth close to the exposed surface.
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4. The NPP transport model, coupled with the chemical equilibrium equations of the
species in the concrete pore solution, the solid phases in the hydrated cement and the
external chemical agents entering concrete, can provide detailed and reasonably accurate
information about the pore solution chemical composition and pH, the concrete porosity

and the hydrated cement solid phases contents.

5. The accuracy of the results of the current analyses not only depends on the accuracy of
the finite element discretization and modelling, but more importantly, they depend on the
precision of the chemical equilibrium equations utilized to capture the various chemical
interactions in the concrete pore solution and structure. Notwithstanding the fact that
similar to any other model, the accuracy of its results is dependent on the accuracy of its
input data, in general its results are expected to be more accurate than those of the simple
Fickian model because it accounts for the other relevant modes of chloride transport in

concrete besides molecular diffusion.

6. The split operator technique that is employed in the current study to separate the transport
part of the NPP model from its chemical equilibrium component makes the solution of the
governing transport equations efficient and provides sufficiently accurate results for

engineering practice.

7. Chloride binding by concrete can be reasonably accurately captured via the
dissolution/precipitation ion exchange reactions involving the chloride ions and the AFm
phase in the hydrate cement. This obviates the need for using empirical chloride binding

isotherms.
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8. The synergetic effect of chlorides and carbonation on drop in concrete pH is greater than

the individual action of each species.

9. Concrete carbonation reduces its porosity, diffusion coefficient and chloride binding
capacity, the consequence of which could be reduction or increase in the free chloride

content of the carbonated versus the uncarbonated concrete.

10. The results of the current analyses showed that the use of the average annual
temperature for calculating chloride diffusion in concrete structures may provide

sufficiently accurate results for practical applications.

5.3 RECOMMENDATIONS FOR FUTURE RESEARCH

The research in this dissertation focused on the development of a robust reactive transport
model for chlorides and carbon dioxide ingress in concrete and their reactions with the
chemicals in the concrete pore solution and structure. The main motivation of the work was
to develop a tool that can be used to accurately estimate the time to corrosion initiation steel
reinforcement corrosion in concrete structures. The developed model provides a sound
framework for further improvements and future changes to expand its applications and

improve its accuracy. Some suggestions for future research in this regard are made below:

1. In the case of high-deicing salt concentrations, different solid phases than those in the

case of low concentration are formed in the concrete. The chemical equilibrium constants
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for these phases have not been quantified yet. Hence, experimental programs can be

conducted to precisely identify these phases and establish their chemical equilibria.

2. Although the chemical module explained in this dissertation includes the main chemical
reactions taking place in the pore solution and shows good agreement with the
corresponding experimental data, for the ingress of other deleterious agents in concrete,
such as sulfates, the current chemical module can be expanded to capture their effects on

the physical and chemical properties of concrete.

3. As stated in Chapter 4 of this dissertation, there is paucity of detailed experimental data
pertaining to chloride diffusion in carbonated concrete. This makes the validity of the NPP
reactive transport model results less certain. So, there is need for experimental work which
provides precise and comprehensive information about the cement composition, mix
properties, temperature, humidity, porosity, tortuosity, pore solution composition, solid
phases composition and content before the ingress of chlorides and CO> and the changes in
the values of these parameters after exposure to the ingressing agents. Such data can greatly

assist in validating the accuracy and robustness of the model.

4. In the present work, chloride binding in concrete was assumed to be due to chemical
binding only while physical binding was neglected. Although consequence of this
assumption was reasonable in the current work, nevertheless, a more detailed and
sufficiently robust model for physical binding of the presented models show agreement to

experimental data, quantifying the physical binding is necessary for inclusion in the model.
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5. Although generally a one-dimensional transport model for chlorides and CO; is deemed
to be adequate for engineering practice, there are situations where a one-dimensional model
would not give sufficiently accurate results. Hence, the current NPP model can be extended

to two and possibly three dimensions.

6. Cracks in concrete structures are a known reality, hence the model can be improved by
considering the effect of cracks on the transport of chlorides and CO3 ingress in concrete

structures.
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APPENDIX - A

EFFECT OF TIME-DEPENDENT CHLORIDE PROFILE AND
TEMPERATURE VARIATION ON CHLORIDE DIFFUSION IN
CONCRETE

ABSTRACT

Reinforcement corrosion due to chloride diffusion is one of the main problems in reinforced
concrete structures exposed to certain environments. The diffusion rate is function of
chloride surface concentration, concrete temperature, humidity, composition and
microstructure. The intruded chlorides are partially chemically bound by the concrete and
it is the unbound or free chloride which upon exceeding a defined threshold initiates
corrosion. There is no general agreement about the magnitude of this threshold, but further
discussion of it is beyond the scope of the current work. The time to corrosion initiation
depends on the above variables; therefore, it is important to model their spatial and temporal
variations in a manner that will yield a realistic estimate of the actual initiation period. In
this study, the chloride surface concentration and temperature temporal variations are
approximated in several ways to gauge the sensitivity of the chloride diffusion kinetics to
them. Temperature profiles with constant 6-hours, daily, monthly, seasonally and yearly
variations are used to approximate the actual temperature variation recorded for Toronto,
Canada in a typical year. The surface chloride concentration is assumed either constant or
allowed to vary monthly according to the reported values for Toronto. It is discovered that

due to the limited temperature range encountered even in cold regions like Toronto, the
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diffusion Kkinetics is not very sensitive to the temperature approximation method, but it is
more sensitive to the way the surface chloride variation is approximated. For structures
subjected to deicing salt applications, assuming constant seasonal temperature and monthly
chloride variation in the analysis may yield a realistic estimate of the time to corrosion

initiation and thus the prediction of the life-time of the structure.

INTRODUCTION

Reinforced concrete (RC) is the most popular construction material, but the deterioration
of RC structures exposed to chlorides, which induce reinforcement corrosion and

subsequent damage to concrete, is a serious and costly problem.

Chlorides enter concrete structures mainly through permeation of de-icing salts in cold
regions or the ingress of sea salt along coastal area. The corrosion of the steel bars, termed
steel reinforcement, begins when the chloride concentration at the level of reinforcement
reaches a critical threshold. The kinetics of the chemical reactions, the rate of permeation
of chlorides and the evolution of damage to the concrete microstructure are dependent on
the prevailing hygrothermal conditions, which are in turn affected by the ambient

conditions.

Any realistic modelling of chloride diffusion must account for the effects of some key
parameters influencing the kinetics and deleterious effects of chloride diffusion in concrete.
Generally, it is believed that the free chlorides diffusing through the concrete pore solution
cause corrosion (Hirao, et al., 2005). However, other studies indicate that bound chlorides
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can also contribute to the corrosion process by being released or as bound compounds

through electric influences (Glass & Buenfeld, 2000).

Hence, it is important to model this phenomenon. Different mathematical models are
proposed to describe the relationship between bound and free chlorides. Freundlich and
Langmuir non-linear binding isotherms are the most popular as expressed by equation A.1

and A.2, respectively (Glass, et al., 1997).

C, = O‘Cfﬁ (A1)
c - % (A2)
* 1+ 8C, '

where, a and g are coefficients determined experimentally, C, and