A nearly self-sufficient framework for modelling reactive-transport processes in
concrete

O. Burkan Isgor* and W. Jason Weiss
Oregon State University, School of Civil and Construction Engineering, Corvallis, OR, USA
(*) Corresponding author, burkan.isgor@oregonstate.edu, Tel: +1 541 737-8537

Abstract: This paper describes a multi-species and multi-mechanism reactive-transport modelling
framework for concrete. This modelling framework has the potential to be used in conjunction with
performance specifications currently being developed in the US. The modelling framework is ‘nearly’ self-
sufficient as it enables electrical resistivity to be used as the main physically measured input parameter in
the simulations. The model uses thermodynamic calculations to predict pore solution composition, pore
solution resistivity, pore volumes, and reactions between the solid and ionic components of the
cementitious matrix such as chloride binding. The measured electrical resistivity is normalized by the
calculated pore solution resistivity to compute the formation factor, which is used to predict transport
properties of the ionic species. The framework allows the solution of reactive-transport equations with
minimal input data to assess ionic movement, chloride ingress, and time to corrosion.
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Introduction

Reflections on the 50" anniversary of Material and Structures

On the 50" anniversary of RILEM, Folker Wittman [1] encouraged us to “pause from the hectic pace of
our daily routine” and “take a closer look at the past.” This issue marks the 50™" anniversary of the RILEM
Materials and Structures (M&S) journal. This provides us with an opportunity to look back on what the
authors in M&S have brought the profession. This also provides us an opportunity to look forward. The
authors have been fortunate to have a strong connection with RILEM and are incredibly thankful for the
formative role RILEM and its members have played in their professional and personal lives. Further, we
recognize that RILEM is a distinctive and unique organization that provides a great service to the
profession in three primary ways: 1) enabling international exchange of ideas, 2) providing high level
scientific discussions on the material science of construction materials (this has long been a core of RILEM
even before this was en vogue) [2], and 3) bridging the gap between science and practice. Nowhere is
evidence of the primary benefits of RILEM more tangible than in the M&S Journal. On the 50*" anniversary
of the journal, we want to take this moment to say thank you and to wish M&S continued success over
the next 50 years.

Due to the “anniversary nature of this issue” it is appropriate to note that in just the second year of M&S
papers started to appear that discussed the durability of reinforced concrete structures exposed to salt
contained in seawater [3]. By year three, M&S saw it summarizing the thoughts of legendary experts
participating in Technical Committees (TC’s) on Concrete Durability (RILEM CDC) that describe the
importance to fluid transport, freezing and saturation, and corrosion [4]. Additionally, the second to last
article in the third year of the journal provided “News from U.S.A.”. As such, we will attempt to bring
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these topics together in an article that shares efforts the authors have been focused on in the U.S. to
bridge the gap between practice and science through performance specifications for concrete in
conjunction with the American Association of State and Highway Transportation Officials (AASHTO-PP84-
16) [5].

Toward performance specifications

The AASHTO PP-84 performance specification effort focuses on improving the durability of concrete
pavements through the use of performance measures. While AASHTO-PP-84 contains many areas of
interest, the five main areas in which the authors have been actively involved include: 1) Transport and
the Formation Factor, 2) Freeze-Thaw Performance, 3) Deicing Salt Damage, 4) Porosity and Degree of
Saturation, and 5) Restrained Shrinkage Cracking. Describing each of these sections is beyond the scope
of this article and for information on those topics the reader is referred to other articles [6-11]. This paper
discusses the topic of transport and the formation factor.

Figure 1 illustrates the general principles of using field tests to obtain fundamental material properties
that can be used in mathematical models in conjunction with exposure conditions and construction
geometries to estimate performance. The authors believe that with this estimated performance rational
specifications can be developed that will relate performance with establish field acceptance measurement
values. It can be argued that electrical resistivity testing can be transformed to the formation factor and
the formation factor can then be used in transport models (for models that include sorption, diffusion or
permeability) [6,7,12]. The vast majority of the work performed for AASHTO PP-84 to date has focused
on the experimental measurement of physical properties. Rather than discussing AASHTO PP-84 test
methods, this paper is part of an ongoing conversation as to whether computational tools can be used to
supplement or supplant some of the physical testing in AASHTO PP-84. Research has shown the benefits
of computational tools for the deicing salt damage [13,14] and work has shown great promise for freeze-
thaw models [15]. This paper will specifically discuss electrical resistivity, pore solution, formation factor,
chloride binding and chloride ingress on its way to the prediction of reinforcing steel corrosion. This would
enable AASHTO PP-84 to be extended in two exciting ways. First, it could be used in concrete structures
containing reinforcing steel and not only pavements. Second, it could provide strong links between the
physical testing that can be used in the field and high end computational models.

The role of Materials and Structures

Before delving into the modelling framework this section will again ‘reflect on our past’ to point to some
of the advancements to the field that have occurred and been published in the pages of M&S have
provided the foundational for much of the work used today. While M&S in the 1970’s and early 1980’s
had many strong papers discussing creep, sorption isotherms, freeze-thaw, and non-linear fracture
mechanics, it was the first issue of M&S in 1985 where service life predictions start to become a frequent
topic of interest. Pommersheim and Clifton [16] discussed accelerated testing in conjunction with
mathematical models for the purpose of predicting service life. Around the same time, Page and Havdahl
[17] were discussing the impact of silica fume on the electrochemical aspects of corrosion in concrete.
Papers later that year began the trend of increasingly discussing the influence of seawater (and deicing
salts) on concrete performance, durability and developing theories on the service life of reinforced
concrete structures [18]. It was during this time that RILEM released a series of recommendations dealing
with the prediction of the service life of building components. The 1990’s also saw an increase in papers



specifically began addressing the corrosion of reinforcing steel [19]. While papersin M & S have had long
time advocacy for increasing the use of material science to study construction materials [2,1], papers also
began to appear with increasing frequency on the use of computational material science. An example of
one such paper is the L'Hermite lecture of 1992 where Garboczi outlined the work that became widely
known as the NIST model [20]. Andrade and Whiting were leaders in discussing electrical migration and
their use [21]. Marchand and co-workers [22] shared a numerical model for prediction of ionic transport,
chemical reaction and the prediction of damage. Additional models have been proposed over time
examining both the impact of microstructure on transport [23]. While this is just a glimpse of critical field
defining papers that have appeared in the pages of M&S, it is clearly evident that M&S is a journal works
that where critical current challenges are discussed enabling the profession to examine the new solutions
that will drive the future.
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Figure 1: Four-stage approach to relate simple standard test methods to fundamental properties and
utilize these properties with exposure conditions to perform simulations that enable performance
grades to be established and compared with field quality acceptance measurements [24].

Objective of the paper

This paper describes a relatively new approach for modeling reactive-transport processes in concrete.
Different aspects of the modelling framework has been developed by the collective efforts of the authors’
research teams over several years. The framework enables physical measures of electrical resistivity to be
used in conjunction with thermodynamic and transport modelling to predict the service life of concrete
structures. Thermodynamic calculations are used to compute 1) pore solution chemistry and resistivity,
2) pore volumes, 3) the formation factor, and 4) reactions between the solid and ionic components of the
cementitious matrix such as chloride binding. The measured electrical resistivity is normalized by the
calculated pore solution resistivity to compute the formation factor, which is used to predict transport
properties of the ionic species. The framework allows the solution of reactive-transport equations with
minimum input data to assess ionic movement, chloride ingress, and time to reinforcement corrosion.
The remaining paper will be divided into two sections including the description of the modelling
framework, followed by some numerical examples.



Modelling framework

The framework for the reactive transport model is described in the following section beginning
with the governing equations, discussing the ionic reactivities, discussing the determination of
the formation factor, discussing the role of temperature, boundary conditions and reactions.

Governing equations

The framework for modelling reactive-transport ionic species in concrete is based on the solution of the
mass conservation equation [26-28]:
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where subscript i is the index represents each ionic species, N; is the total flux of species i, w is the
volumetric water content (m3/m?3), c¢; (mol/m?3 of pore solution) is the concentration of species in the ionic
or in the dissolved gaseous state, cis (mol/m3) is the concentration of precipitated species, and t (s) is time.
The dcis/dt term in Eq. 1 is the sink/source term that accounts for the exchange between the solid and
ionic species in the concrete pore solution following reactive processes such as chloride binding and
release.

The total flux of species, N;, in the concrete pore solution is written as a combination of diffusion, chemical
activity, electrical migration, and advection mechanisms [26-28]:
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where D; (m?/s) is the effective diffusion coefficient for the species in water, z; is the valence of the ionic
species, R is the ideal gas constant (8.3143 J/mol/K), T (K) is the temperature, F is the Faraday’s constant
(96,488 C/mol), yi is the chemical activity coefficient for the various ionic species in water, ¢ (V) is the
electric potential, and D, is the water diffusivity (m?/s).

Although other activity models exists, the modified Davies equation [29,26], is used to predict the activity
coefficients of the ions in the concrete pore solution as it provides a reasonable approximation for most
cementitious systems [26]:
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where | (mol/m3) is the ionic strength of the solution, a; (m) is the radii of the ions in the solution, as given
in Table 1, and coefficients A and B are temperature dependent parameters defined as:
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where eq is the charge of one electron (1.602x107° C) and ¢ is the permittivity of the medium, which is
assumed in this study to be the same as water (7.092x107° C2/N/m?), and T is the temperature (K). The
ionic strength of the solution can be calculated from [26]:
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The ion movement due to electrical potential gradients are included in the third term of Eq.2 [25], which
requires the solution of the Poisson’s equation within the analysis domain [30]:
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where ns is the number of ionic species. It should be noted that electro-neutrality must be maintained
throughout the system; therefore, the charge-balance of the ionic species in the electrolyte is also
enforced [27].

The advection term in Eq.2 requires the solution of the gradient of water content, w, using the Richard’s
equation following the assumptions described by Samson et al. [26]:
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where Dy, is the moisture diffusivity coefficient (m?/s), which combines the water and vapour diffusion
coefficients. It should be noted that Eq.8 represents a simplified version of moisture flow in concrete that
is based on water content alone. Although they are not presented here, moisture transport models that
consider the movement of vapour and liquid phases separately can be used for more accurate
representation of the problem [27].

Table 1: Properties of ionic species in the concrete pore solutions.

(] 0
Species a; (pm) u;i (108 m2st.v?) D; at 25°C (m?%/s) :IC)T;:Z aSt/fnsoI(; Gi(mol/1)%>
OH 133 20.56 5.28x10° 198.0 0.353
ca* 100 6.17 0.79x10° 59.0 0.771
clr 181 7.92 2.03x10° 76.4 0.548
Na* 102 5.19 1.33x107° 50.1 0.733
K* 138 7.62 1.96x107° 73.5 0.548
S04 258 8.29 2.11x x10° 79.0 0.877

Reference ionic and water diffusivities

The diffusion coefficients of species in concrete D;(m?/s), are calculated using the diffusion coefficients of
species in water, Do (m?/s), and the formation factor of saturated concrete, F¢ [31,11,32]:
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where D,i can be calculated using Einstein’s relation [32]:
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where u; is the ionic mobility (m2st.v1),

The reference ionic diffusion coefficients that are obtained at a given reference age (e.g., 28 days) and
temperature (e.g. 25°C) using Eq.9 will change with time and varying temperatures. As concrete ages, it
is expected that pore structure of the cementitious matrix is refined, therefore, diffusivities decrease. This
change can be captured through Eq.9 with updated values of the formation factor at various ages. The
effect of temperature on the diffusion coefficient has also been studied extensively [33,34], and the
approaches developed in these studies can be used to correct for the calculated diffusion coefficients at
different temperatures. A heat transfer analysis might be required to determine spatially and temporally
varying temperatures within concrete. Details of such an analysis is not provided here, but can be found
in [34].

Water diffusivity in Egs. 2 and 8 can also be written as a function of formation factor since it is a function
of intrinsic permeability though the Katz-Thompson equation [7,35,36]:

1
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where d. is the critical pore diameter which represents a continuous path across the sample, and B is the
constant related to pore structure of the system.

Determination of the formation factor

The formation factor of concrete at a given age and temperature can be determined as the ratio of the
resistivity of concrete, p.(Q-m), to the resistivity of the pore solution, p.(Q-m) [37,12]:
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The resistivity of concrete can be measured easily using standardized techniques [38,39], however it has
been shown that accurate measurement should account for sample geometry, avoid leaching, control the
degree of saturation, and account for temperature [40-42]. Theoretical approaches to calculate concrete
resistivity also exist using models that describe the pore structure [43-46], but these models may require
some empirical approximations. While it will not be described here due to space limits, the pore
partitioning model is currently being examined as a way to provide a direct calculation of resistivity that
would enable the model to come closer to self-sufficient [47,48]. Therefore, this paper assumes that
concrete resistivity is one of the only measured input parameters for the proposed modelling approach.



The resistivity of concrete pore solution can be measured directly from expressed pore solution [49].
Alternatively, the pore solution resistivity can be calculated using theoretical approaches that provide the
ionic composition of the pore solution at a given degree of hydration: (1) NIST model [50], or (2)
thermodynamic modelling [51,52]. Once the ionic composition of the pore solution is calculated using
either approaches, the resistivity of the pore solution can be calculated theoretically by [50]:
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where Aiis the equivalent conductivity of each ionic species, which can be calculate via [50]:
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where A{ is the equivalent conductivity of the ionic species at infinite dilution, G; (mol/I)°* are empirical
coefficients for each species at a given temperature, Iy (mol/l) is the molar ionic strength of the solution.
The values for A{ and G; at 25°C are provided in Table 1.

(1) The NIST model: The NIST method for estimating the electrical conductivity of cement paste pore
solution at 25°C is based on the concentrations of OH", K* and Na*in the concrete pore solution. The
approach uses an equation that is a function of the solution ionic strength, and requires a single coefficient
for each ionic species [50]. The input data for the NIST model involves water-binder ratio (w/cm), the
degree of hydration, and the curing method (sealed vs. saturated). The NIST approach bases its
calculations on the alkali (Na2O and K;0) and SiO, contents of the cementitious materials; therefore, it
makes the assumption that OH", K* and Na* concentrations can be obtained accurately using these input
parameters alone. This assumption is generally a good first approximation. Although it does not use the
complex mill certificate data for each cementitious material, it bins cementitious materials as cement,
silica fume, slag, and fly ash. These materials are identified with their mass and alkali contents.

(2) Thermodynamic (GEMS) modelling: The ionic composition of the pore solution can alternatively be
determined using thermodynamic modelling. Gibbs Energy Minimization (GEM) algorithm is one of the
thermodynamic modelling algorithms that can provide the molar amounts of dependent components
(molecules and ions), their activities, and the chemical potentials of the system [51,52]. The output
includes information on all stable solid, aqueous, and gas phases. The open-source platform GEMS3K [52]
is based on the GEM algorithm and can use CEMDATA thermodynamic database [53-65] to model
equilibrium reactions of cementitious materials and their hydrated/reacted products. The kinetics of
cement hydration can be incorporated through empirical models such as the one proposed by Parrot and
Killoh [66,60]. We used a C-S-H alkali uptake model proposed by Hong and Glasser [67,68]. The reactivity
of SCMs can be incorporated through the adjustments to the reactive oxides of each cementitious
material. The input data for thermodynamic modelling involves the mill certificate data for the
cementitious materials, mixture proportioning data (e.g., w/cm), and kinetic information for cement
(degree of hydration) and SCMs (reactivities).



Boundary conditions

The boundary conditions of the Nernst-Plank equation for mass conservation (Eq.1), Poisson’s equation
for electrical potentials (Eq.7), and Richard’s equation for the calculation of water content (Eq. 8) are
provided in this section.

Mass conservation equation (Eq.1)

The mass conservation equation is written in terms of ionic concentrations, ¢; (mol/m3 of pore solution),
therefore, the boundary condition at the exposed surfaces of concrete for each species is also provided
in terms of concentration in the pore solution (mol/m® of pore solution). For continuously
ponded/submerged systems, if the system is considered to be in equilibrium, it can be assumed that
exposure solution concentrations for ionic species can be used as the boundary conditions in the pore
solution. However, the determination of the boundary conditions for chlorides and their cations can be
rather challenging in systems with wetting drying cycles and/or seasonal salt exposure. Simplifying
assumptions are generally used in these exposure conditions; however, more research is needed to
accurately represent boundary conditions. This topic could be much better described using the framework
of this model however the task of performing this analysis is beyond the scope of the paper.

Poisson’s equation (Eq.7)

The electric potential gradients obtained from the solution of the Poisson’s equation is used in the
electrical migration term of Eq.1. When there is no external electric current | the analysis domain (e.g.,
caused by macrocell corrosion of reinforcement, or impressed cathodic protection currents, etc.), the
exact values of the boundary conditions defined for the Poisson’s equation are not relevant as long as
potential gradients that are used in Eq.1 can be calculated accurately. For this case insulated (no flux)
boundary conditions can be defined for the solution of the potential gradients from Eqg. 7. When transport
processes are modeled in the presence of an electrical current, such as that caused by macrocell
reinforcement corrosion, Poisson’s equation must be solved using the correct boundary conditions on the
reinforcement surface. The boundary conditions of such a system are provided in other publications [69-
71].

Richard’s equation (Eq.8)
The boundary conditions for the Richard’s equation are prescribed based on the wetting and drying cycles
of the exposed surfaces. For fully saturated systems, the solution of Eq.8 would not be required.

Modelling reactions

As described earlier, the precipitation and dissolution reactions between ionic and solid species is
modelled though the (dc;s)/0t term in Eg.1. An example for such a reaction is binding of chloride ions by
some of the unhydrated clinker phases and hydrated products in concrete. The majority of chemical
binding in the clinker is due to the reactions of aluminate (C3A) and ferrite (C4AF) phases of unhydrated
cement to form Friedel’s salt, Kuzel’s salt, and their iron analogues [72,73]. Among hydrated phases, C-S-
H is known to bind chlorides physically. Although the binding by ettringite (Aft) is still a subject of debate,
it is established that binding, if it exists for Aft, is low and can typically be ignored. Monosulfates (AFm)
are known to bind chlorides; however, the kinetics of this binding process is still a subject of ongoing
research. The chloride binding capacity is directly influenced by the chemical composition of cement and
w/cm of the cementitious mixture [73].



Typically, chloride binding is incorporated in reactive-transport modelling exercises through
experimentally determined chloride binding isotherms [35]. Nonlinear isotherms are the most commonly
used ones to model concrete as presented in Egs. 15 (Langmuir isotherm) and 16 (Freundlich isotherm),
respectively [72-76].

aC
Ch = ——ar (15)
1+ BCs
Cb = O(Cf[3 (16)

where coefficients a and B are determined from nonlinear regression analysis of the experimentally
obtained relationship between bound, cy, and free, cs, chloride contents in concrete (with a specific binder
composition, w/cm, etc.) at a specific degree of hydration (and SCM reaction for blended systems),
temperature, salt type and concentration. In these equations ¢y to cis, and ctis ci, where index i refers to
the chloride ions. Therefore, (0cis)/0t term simply represents the time derivative of the ¢, terms given in
Egs. 15 or 16.

For other ions, the reactions could take other forms. For example, external sulfate ions could react with
the hydrated products of cement. Similarly, bound chlorides could also be released into the pore solution
after processes such as carbonation, which reduces the pH of the pore solution. Obtaining reaction
isotherms experimentally for each possible reaction that takes place in concrete during ionic transport is
not practical. Here we provide a thermodynamic approach to model reactive processes in concrete
without the need for empirical observations. Since thermodynamic modelling does not consider
dissolution and precipitation kinetics of analyzed reactions, certain assumptions need to be made for fast
processes. When equilibrium conditions can be assumed, the number of kinetic assumptions reduce
significantly. An example is presented as part of case studies presented in this paper. Thermodynamic
modelling to model reactive processes can be incorporated to ionic transport modelling two ways: (1)
fully coupled, (2) using reaction isotherms.

(1) Fully coupled reactive-transport modelling: In this approach, reactions are modeled using
thermodynamic calculations instead of reaction isotherms. Such an application is shown by Jafari Azad et
al. [27], who provide a detailed description of the coupling process between the transport and reaction
modules as illustrated in Figure 2. More recently, a similar approach was also used by Tran et al. [77].
Since these thermodynamic calculations can be done at different temperatures, the effect of temperature
on the reactions can also be seamlessly integrated into the reactive-transport modelling exercises. For
this purpose, an open-source thermodynamic modelling software GEMS3K [78] is used to model all
possible reactions within the cementitious matrix at a given temperature including the reactions of
chlorides with unhydrated and hydrated cementitious materials. GEMS3K is based on the Gibbs free
energy minimization theory [78,79], and it provides source-code level access to its internal algorithms so
that they can be called from custom-designed or commercially available numerical transport modelling
software [27,80,78]. GEMS3K can calculate equilibrium state calculations to determine the
thermodynamically feasible products, activity coefficients, chemical potentials, and other thermodynamic
guantities such as pH, fugacity and the redox state of the system. GEMS3K can model heterogeneous
aquatic chemical systems using numerous thermodynamic databases [81,78]. In addition to the built-in
databases, such as the SUPCRT92 [82] and Nagra-PSI [83], it also allows application specific databases
such as CEMDATA for cementitious systems [60]. Applicability of thermodynamic calculations using
GEMS3K to model chloride binding in cementitious materials have been demonstrated by Loser et al. [84].



In the approach here, the extended Nernst-Planck equation (Eg.1) can be solved using numerical analysis
techniques such as the finite element method, while the at every time step of the time-marching
algorithm, thermodynamic calculations are performed using GEMS3K to calculate the reaction term
(Ocis/0t term in Eq.1). Figure 2 illustrates schematically the operator splitting solution process within a
time-marching algorithm of a reactive-transport process [27].
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(2) Reactive-transport modelling using thermodynamically determined reaction isotherms: In this
approach, instead of fully coupling the transport and reactive processes in a time marching algorithm
thermodynamic modelling is used to determine the reaction (i.e., binding) isotherms to eliminate the need
to obtain them experimentally. Such an application of this approach, applied to chloride binding, was
demonstrated in detail by Jafari Azad and Isgor [35]. One disadvantage of this approach is the need to
calculate the isotherms at different temperatures if the temperature distribution in concrete varies
spatially and temporally. An example is provided for developing chloride binding isotherms in the case
studies.

In both approaches, some assumptions are needed for thermodynamic modelling. Although kinetic
models for OPC hydration are available [66,60], the kinetics of the SCM reactions are poorly understood.
Further research is needed in this area as the authors are not aware of a viable kinetic model for SCM
reactivity in concrete. As a result, the reactivity of the SCMs should either be estimated or measure
experimentally [85]. The other issue originates from the current lack of understanding on how the
hydrated phases interact (e.g., absorb and react) with chlorides. As discussed earlier, there is evidence for
monosulfates binding chlorides; however, kinetics of this process is still not well understood. Therefore,
until this understanding is further developed, some educated assumptions are needed regarding how
much hydrated phases can chemically bind chlorides.

Numerical examples
Theoretical pore solution resistivity calculations

The calculation of pore solution resistivity is necessary for the determination of formation factor of
concrete, which is used in the calculations of transport properties such as the effective ionic diffusion
coefficients. In this numerical example, we show a comparison between the theoretical determination of
pore solution resistivity using the NIST model and thermodynamic calculations. Ongoing research is aimed
at comparing these models with measured pore solution compositions and electrical resisistivies. For this
purpose, paste mixtures prepared with different cementitious materials and water-binder ratios were
compared with the modelling predictions. Table 2 provides the chemical compositions of the cementitious
materials used for the base cases. Three different mixtures (100% OPC, 60% OPC + 40% Slag, and 75% OPC
+ 25% fly ash) were investigated at three levels of w/cm (0.4, 0.45, 0.50). For comparison purposes all
simulations were run at full hydration and under sealed curing conditions.

Table 2: Base-case chemical composition of OPC, slag, and fly ash (mass %).

CsS S CA C.AF Na,O KO Na:0eq) | MgO SO3

OPC 57.6 17.6 5.9 8.8 0.2 0.58 0.58 2.47 2.79
Ca0 SiO; Al;03 | Fe;03 | Na;O KO Na;Oq) | MgO SO3

Slag 35.49 | 36.18 10.02 0.5 0.2 0.87 0.77 0.66 1.51

Fly ash (FA) 4.37 53.89 | 24.65 8.63 0.8 1.93 2.07 0.83 0.61

Figure 3 illustrates the differences between theoretically calculated concrete resistivities using the NIST
model and thermodynamic (GEMS) calculations. The figure shows that both approaches provide
comparable resistivites for the 100% OPC and fly ash blended mixtures. The NIST method provides higher
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resistivities than the thermodynamic approach for slag blended mixtures. While the reasons for this
difference are still not clear, ongoing research (Montanari et al. in progress) has identified that mixtures
composed of OPC and slag have a greater variation from the NIST model that other binder systems.
Currently analysis appears to indicate that this is due to differences associated with higher alkali solubility
in the mixtures with the slag; however, ongoing research is working to clarify the causes for this
discrepancy. It can also be noted that the NIST model appears to illustrate a greater influence of the
water-to cementitious ratio on the pore solution resistivity than the GEMS model (it should be noted that
these differences are relatively small). Again, the reasons for this difference are still being investigated
and compared with experimental observations.

20
Bl vvcnm=04

B vv/cm =045
15 J RN w/em = 0.50

10

Pore solution resistivity (ohm-cm)

GEMS

NIST GEMS NIST GEMS NIST
100% OPC 60% OPC + 40% Slag 75% OPC + 25% FA

Figure 3: Comparison of concrete resistivities calculated theoretically using the NIST model and
thermodynamic calculations.

Chloride binding isotherms: experimental vs. theoretical

In this case study, we present the approach proposed by Jafari et al. [35] to compare thermodynamic
calculations for chloride binding with experimental data from Zibara [36] who studied the binding of
external chlorides by cement pastes. Three cementitious systems were selected for comparison: 100%
OPC, 60% OPC + 40% slag, and 60% OPC + 40% FA. The mixtures had a w/b of 0.30 with a binder content
of 450 kg/m3, matching their experimental counterparts. The chemical compositions of the cementitious
materials are provided in Table 1. The salts in the form of 3 M NaCl was assumed to be introduced to the
hardened cementitious matrix externally after 56 days from initial mixing, which corresponds to a degree
of hydration of 70% (for w/b = 0.30) [37]. Isothermal conditions (23°C) were assumed. For blended
systems the reactivity for fly ash and slag were assumed to be 15% and 35%, respectively, in agreement
with reactivity values for similar SCM compositions in pastes with low w/b (e.g. 0.30) [35]. It was assumed
that all unhydrated binder was available for chloride binding, while only 15% of the reactive hydrated
phases (i.e., AFm) was assumed to be reactive with salt, as suggested in an earlier work [35]. We
acknowledge that availability of all unhydrated phases to chlorides might result in overestimation of
binding, particularly at low chloride concentrations. Similarly, there is limited information on binding
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kinetics of hydrated phases. Research on both topics are needed for more accurate thermodynamic
calculations.

Figure 4 illustrates the ccomparison of the thermodynamically calculated chloride binding with
experimental data. The figure also shows the comparison of the binding isotherms that are determined
experimentally and using thermodynamic modelling. It can be observed that in all mixtures, the
thermodynamically calculated free/bound chlorides and their binding isotherms, are comparable to the
experimentally determined counterparts. For the 100% OPC case, the two approaches are in in good
agreement at all chloride levels, as shown in Fig. 4(a). For the slag and fly ash blended systems (Fig. 4(b)
and Fig. 4(c), respectively), thermodynamic calculations over-predict the chloride binding at high chloride
concentrations. This is mainly due to the fact that SCM-blended systems have larger aluminium content
than OPC-based systems, leading to the formation of a larger AFm phase. Since we assumed that only 15%
of the AFm phase is available for binding without any consideration of kinetics, chloride binding is likely
overestimated in the SCM-blended systems. Furthermore, thermodynamic modelling calculates reactions
at equilibrium conditions and does not consider the kinetics of these reactions. It is possible that some of
the chloride binding reactions are rather slow and cannot be captured experimentally at the time of the
testing. Until kinetic data are incorporated into thermodynamic modelling calculations, it is expected that
there will be differences in theoretically calculated and experimentally calculated chloride binding,
particularly for systems containing SCMs. It should also be remembered that in blended systems we have
an increased degree of uncertainty associated with the reactivity of the SCMs used in the mixtures. As
stated earlier, we assumed the reactivity for fly ash and slag were assumed to be 15% and 35%,
respectively. However, we know that the reactivity of SCMs show a high degree of variability. For example,
reactivity of fly ash can be relatively low (typically ranging from 10 to 50%) and they can vary considerably
between sources [86]. Reported reactivity values for slag are larger (typically from 35 to 75%), but they
also cover a large range [87]. Therefore, the effects of the limited SCM reactivity on chloride binding and
the composition of concrete pore solution cannot be ignored. Regardless of all these differences, the
thermodynamically calculated binding isotherms provide reasonable substitute for the empirically
determined chloride binding and enables incorporation of binding reactions to modelling exercise without
the need for empirical data.

In recent years, several attempts have been made to standardize the SCM reactivity tests [88-92]. These
tests are limited for use as a standard for quantifying fly ash reactivity and do not provide a simple
numerical result for the maximum reactivity of the pozzolan [90]. Recently, a method for determining
SCM reactivity has been proposed to overcome this issue [85]. The method provides a single value for
reactivity, which can be used in modelling exercises such as the one presented here. Accurate
determination of SCM reactivity will lead to more accurate modelling of chloride binding, and all other
SCM reactions, using thermodynamic modelling. It should also be acknowledged that the assumptions on
the percentages of hydrated phases available for reaction are not necessarily unique. This problem
originates from the fact that there is controversy on how much of the hydrated products are available for
chloride binding. More research is needed on this issue so that the proposed modelling approach can be
used more effectively.
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Figure 4: Comparison of the thermodynamically calculated chloride binding with experimental data.

Reactive-transport modelling

In this numerical example, we demonstrate the use of the modelling framework to model reactive-
transport processes in concrete with only saturated concrete resistivity at a reference age and
temperature as the measured quantity as input. The simulations were carried out on the base case OPC
cement showing in Table 2, with some variations in C3A content to vary the chloride binding capacity.
Concrete with w/cm of 0.45 and at 90% degree of hydration was simulated. Simulations were performed
on 250 mm thick a concrete slab that is continuously ponded with 3.5% (600 mol/m? solution) NaCl
solution. Chloride binding was modelled using thermodynamic calculations following the same
assumptions made in the previous numerical example. Transport properties were calculated using the
formation factor of concrete that is computed from the measured concrete resistivity and
thermodynamically calculated pore solution resistivity. In order to simplify the presentation and
comparison of the results presented in this paper, isothermal conditions were considered. Transport
equations were solved using the finite element method; thermodynamic calculations were made using
GEMS3K. A summary of the analysis parameters are provided in Table 1. Since the model parameters are
described earlier, they are not repeated here.

15



Table 3: Summary of the analysis parameters used in the numerical example for reactive-transport

modelling.

Saturated resistivity of concrete (at tres and Tief)

Measured (user input)

tref

28 days

Tref

298.15 K (25°C)

Resistivity of concrete pore solution

Thermodynamically calculated

Formation factor

Calculated

Salt exposure

Ponded; 3.5% NaCl (600 mol/m3 solution)

Chloride binding

Thermodynamically calculated

Diffusion coefficients

Calculated

Age effect on diffusion coefficients

Ignored”

Temperature effect on diffusion coefficients

Isothermal conditions assumed”

OPC

As per Table 2 (CsA content varied)

SCM

None

w/cm

0.45

Analyzed ions

Na*, CI,, K*, Ca?*, OH", SO42

Transport mechanisms

Diffusion, activity, and electrical migration

Polarizing effect due to rebar corrosion

Not considered”

(*) These simplifying assumptions were made to better compare the results of the simulations in this paper.

Selected results of the analysis cases are presented in Figs. 5 and 6. Note that the results are presented in
terms of ionic activities instead of concentrations to reflect the effect of ionic strength and chemical
activity on transport. Figure 5 shows the effect of measured concrete resistivity and chloride binding on
the activity of chlorides in the concrete pore solution as a function of concrete depth after 10 years of
continuous salt ponding. As it can be observed from the comparison of Fig.5(a), (b), and (c), increased
measurement of concrete resistivity, hence increased formation factor, results in slower ingress of
chloride ions in the concrete. Also shown in Fig.5 is the effect of thermodynamically calculated chloride
binding on the chloride profiles. As expected, the effect of increased levels of C3A content in cement,
increase chloride binding. Figure 6 shows the variation of other ionic species in concrete after 10 years of
salt exposure as a function of depth. For clarity, these results are shown only for the moderate chloride
binding cases (CsA = 7.5%). The effect of measured resistivity is also clear in these results (shown in
captions). These simulations can be refined further as we develop our understanding on reaction kinetics
of cementitious systems that could supplement thermodynamic calculations as well as reactivity of SCMs.
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Figure 5: The comparison of activities of chloride ions in OPC concrete (w/cm = 0.45) with different
chloride binding capacities and concrete resistivities of (a) 7.3 ohm-m, (b) 18.3 ohm-m, and (c) 36.6 ohm-

m. The base chemical composition of the OPC is given in Table 2. The results are shown for 10 years of
continuous salt exposure.
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Figure 6: The comparison of activities of other ionic species in OPC concrete (w/cm = 0.45; C3A = 7.5%) for
different measured concrete resistivities of (a) 7.3 ohm-m, (b) 18.3 ohm-m, and (c) 36.6 ohm-m. The base
chemical composition of the OPC is given in Table 2. The results are shown for 10 years of continuous salt
exposure.

Summary

This paper described a framework for a reactive-transport model beginning with governing equations.
The paper then described the determination of the formation factor using the pore solution composition
from thermodynamic calculations. The pore solution resistivity predicted by the thermodynamics model
here was compared with the NIST model and a reasonable comparison was observed for the OPC and
OPC-Fly Ash system; however, the NIST model showed higher resistivities for OPC-slag systems. The paper
also used the thermodynamic model to estimate chloride binding reactions and chloride binding
isotherms. The thermodynamically calculated binding isotherms are comparable to the experimentally
determined counterparts for the 100% OPC case; however, thermodynamic calculations over-predict
binding at high chloride concentrations for the slag and fly ash blended systems. This is likely due to the
fact that thermodynamic modelling calculates reactions at equilibrium conditions and does not consider
the kinetics of these reactions. The measured electrical resistivity is normalized by the pore solution
resistivity to compute the formation factor which is used in the solution of the reactive-transport
equations to assess ionic movement, chloride ingress and binding. The presentation of the model will
undoubtedly require comparison with experimental data and further refinement; however, it does
present a potential approach that can complement field testing for use in concrete specifications. The
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proposed framework can be refined further as we develop our understanding on reaction kinetics of
cementitious systems that could supplement thermodynamic calculations as well as reactivity of SCMs.
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