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Abstract

Chloride-induced corrosion is a major cause of degradation of reinforced concrete infrastructure. 

While the binding of chloride ions (Cl−) by cementitious phases is known to delay corrosion, this 

approach has not been systematically exploited as a mechanism to increase structural service life. 

Recently, Falzone et al. [Cement and Concrete Research 72, 54–68 (2015)] proposed calcium 

aluminate cement (CAC) formulations containing NO3-AFm to serve as anion exchange coatings 

that are capable of binding large quantities of Cl− ions, while simultaneously releasing corrosion-

inhibiting NO3
− species. To examine the viability of this concept, Cl− binding isotherms and ion-

diffusion coefficients of a series of hydrated CAC formulations containing admixed Ca(NO3)2 

(CN) are quantified. This data is input into a multi-species Nernst-Planck (NP) formulation, which 

is solved for a typical bridge-deck geometry using the finite element method (FEM). For exposure 

conditions corresponding to seawater, the results indicate that Cl− scavenging CAC coatings (i.e., 

top-layers) can significantly delay the time to corrosion (e.g., 5 ≤ df ≤ 10, where df is the steel 

corrosion initiation delay factor [unitless]) as compared to traditional OPC-based systems for the 

same cover thickness; as identified by thresholds of Cl−/OH− or Cl−/NO3
− (molar) ratios in 

solution. The roles of hindered ionic diffusion, and the passivation of the reinforcing steel rendered 

by NO3
− are also discussed.
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1. Introduction and background

Chloride (Cl−) induced corrosion of reinforcing steel is a significant cause of premature 

damage and degradation of concrete infrastructure [1–3]. Concrete may be subject to 

chloride ingress as a result of contact with de-icing salts, seawater exposure, etc. [4]. In the 

U.S. alone, over $8 billion is spent annually on corrosion-related repair, maintenance, and 

rehabilitation of bridges [5]. In addition, 11 % of the 600,000 highway bridges in the U.S. 

are deemed to be structurally deficient [5,6]; the majority due to corrosion-related 

degradation.

Due to the alkalinity of cementitious pore solutions, steel embedded in concrete is generally 

covered with a passivating oxide layer (γ-Fe2O3 [7,8]). The ingress of Cl− ions into the 

concrete is thought to initiate steel corrosion by displacing OH− from this passivating layer 

[2,9]. Cl−-induced depassivation results in localized pitting and corrosion product formation, 

which reduces the cross-sectional area of the reinforcing steel, and, therefore, its load-

bearing capacity [3,7,9]. The Cl−/OH− ratio (in molar units), which accounts for the 

passivating effects of OH− ions, is often used to describe the risk of steel corrosion [9,10]. 

Although the precise value of Cl−/OH− required to initiate corrosion is a subject of debate 

[9,10], a survey of the literature suggests that corrosion initiates when Cl−/OH− ≥ 0.6 [9–11].

The presence of NO3
− and NO2

− anions in the pore solution can counteract the corrosive 

actions of Cl− ions [12–17]. These species mitigate corrosion processes by oxidizing Fe2+ 

species to Fe3+ ions, which precipitate and re-form passivating films [7,18]. A critical 

Cl−/NO2
− ratio for corrosion initiation has been suggested to range from 0.25-to-2.0 

(unitless, molar ratio) [19,20]. While data regarding NO3
− is lacking, indirect evidence 

suggests that NO3
− provides similar corrosion inhibition as NO2

− (i.e., for Cl−/NO3
− ≤ 0.25) 

[21]. While the use of NO2
− or NO3

− is valuable, the corrosion inhibition offered by these 

species offer is often limited by their initial dosage into the concrete [22]. Moreover, both 

Ca(NO3)2 and Ca(NO2)2 are highly soluble and, therefore, are subject to leaching, which 

may reduce their potential for corrosion mitigation.

The binding of Cl− by cementitious phases can significantly suppress Cl−/OH− in the pore 

solution and thereby increase the service life of infrastructure [23–25]. For example, Cl− 

binding can occur by ion exchange into alumino-ferrite monosubstituent (AFm) compounds, 

or by sorption onto C-S-H or other compounds [26]. AFm’s are represented by [Ca2(Al,Fe)

(OH)6]·X ·nH2O, where X is the exchangeable interlayer anion, and n is the number of 

water molecules. The site (i.e., anion) occupation preference within the AFm-interlayer has 

the ranking Cl− > NO3
− > NO2

− > CO3
2− > SO4

2− > OH− [27], assuring that AFm’s present 

in cementitious formulations (i.e., those containing CO3
2−, SO4

2−, or OH− in their 

interlayers) will capture Cl− ions from solution to form Cl-AFm (i.e., Friedel’s salt) or 

Kuzel’s salt [27,28]. Ion exchange results in the release of the anion initially present in the 

AFm interlayer by a process of anion capture and exchange (ACE); a process that is guided 

by thermodynamic selectivity [27,28].

ACE by AFm’s is significant as (i) it operates in a Cl− concentration range relevant to 

typical ingress conditions (≈ 14 mmol/L [29]), (ii) it has a much larger binding capacity per 
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unit mass than Cl− sorption by C-S-H [25], and (iii) Cl− species taken up by AFm’s are more 

strongly bound into their structure (i.e., reflecting structural incorporation), than binding by 

the C-S-H which represents weaker physisorption. Therefore, the Cl− binding capacity of 

cementitious formulations is linked to the mass fraction of AFm phases present [30]. Even 

though the specific binding capacity of AFm phases is high, the total binding capacity of 

OPC-based formulations is limited, since AFm’s comprise only 5 % to 15 % by mass of the 

solids in a hydrated OPC binder, offering only limited retardation of steel corrosion [19,23–

25]. The Cl− binding capacity of OPC-based binders can be increased by the addition of 

supplementary cementing materials (SCMs: e.g., ground-granulated blast-furnace slag 

[31,32], fly ash [33]) which increases the Al2O3/SO3 ratio of the mixture, leading to the 

enhanced formation of AFm’s at the expense of AFt [19,34,35]. However, these effects are 

confounded with changes in the transport properties (e.g., permeability, and diffusivity) and 

the limited reaction of the SCMs that become relevant when OPC is replaced by SCMs at 

high levels [25,34,36]. As a result, while SCMs do indeed contribute reactive alumina that is 

required for AFm formation, they do so at a level that only slightly increases the mass of 

AFm’s formed.

Several numerical models have been developed to describe mass transport of ions that 

influence the service life of reinforced concrete infrastructure [23,24,37–42]. These transport 

models vary in complexity from single-species models governed by Fick’s laws of diffusion 

[23,37], to multi-species Poisson-Nernst-Planck (PNP) models which account for electric 

coupling between ions due to their differing mobilities [40,41]. Other models may also 

consider the effect of advective transport due to moisture gradients (e.g., replicating the 

effects of wet-dry cycles) [43,44] and/or reactions between ions and cementitious solids, 

which may be accounted for by mass-transport and chemical equilibrium calculations 

[40,41,45], or by considering sorption isotherms [23,24,37,46]. A wide-range of models 

especially describe the role of Cl− binding by cementitious phases on service life predictions 

[23,24]. Although quantitative prediction of the service lifetime of real structures is 

notoriously difficult, carefully formulated transport models can illustrate the role of 

enhanced Cl− binding by cementitious compounds on delaying the onset of corrosion.

Calcium aluminate cement (CAC) mixtures, when suitably formulated, can exhibit a 

significantly higher Cl− binding capacity as compared to those of OPC systems [47]. 

However, this approach has not been studied as a pathway to mitigate corrosion due to a lack 

of clarity as to how AFm formation can be increased in a controlled manner to scavenge/

sequester Cl− species. Recently, Falzone et al. suggested that NO3-AFm dominant hydrated 

CAC mixtures (e.g., those containing up to 60 mass % AFm) could produce ACE benefits, 

by sequestering Cl− ions while simultaneously releasing NO3
− (or NO2

−) species, i.e., an 

anodic corrosion inhibitor [28]. This smart release of NO3
− and NO2

− ions was first 

described by Balonis and Glasser [19]. Significantly, since volume changes accompanying 

NO3
− to Cl− exchange in the AFm’s are minimal, no internal damage develops, e.g., due to 

deleterious shrinkage or expansion [48]. With this concept in mind, this study investigates 

the efficacy of CAC + Ca(NO3)2 based top-layers (i.e., formed by replacing a fractional 

thickness of the OPC concrete cover) that engender ACE as a means to delay corrosion. 

CAC-based binders are restricted to a top-layer due to their high cost (≈ 5x that of OPC). 

The beneficial effects of Cl− binding (i.e., reduced Cl− abundance around the steel 
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reinforcement) and NO3
− ion release are explained by considering thermodynamic and 

transport properties that are influential in the initiation and progression of corrosion. As 

such, this study explains how ACE is an impactful pathway to delay corrosion degradation 

of infrastructure and thereby prolong service life.

2. Materials and methods

2.1 Materials

A commercially available calcium aluminate cement (Secar®51 produced by Kerneos 

Aluminate Technologies)1 was used. The oxide composition of the CAC as determined by 

X-ray fluorescence (XRF) was (51.05 ± 0.20) % Al2O3, (38.94 ± 0.40) % CaO, (4.77 

± 0.40) % SiO2, (2.23 ± 0.10) % Fe2O3, (2.02 ± 0.01) % TiO2, (0.59 ± 0.10) % MgO, (0.11 

± 0.01) % P2O5, (0.31 ± 0.04) % K2O and (0.07 ± 0.03) % Na2O by mass [49]. Unless 

otherwise noted, the uncertainty represents one standard deviation. The mineralogy of the 

CAC as determined by X-ray diffraction and Rietveld refinement, was 73.3 ± 3.3 % CA, 

18.1 ± 3.3 % C2AS, 4.9 ± 2.0 % CT with minor phases in the form of 0.8 % CaO, 0.6 % 

C2F, 1.5 % C3FT and 0.8 % Fe3O4 by mass [50].

CAC pastes were prepared at a fixed water-to-cement ratio (w/c = 0.45, mass basis) using 

de-ionized (DI) water, as described in ASTM C305 [51]. Calcium nitrate (Ca(NO3)2, CN) 

was added to the CAC mixtures in dosages of 0 %, 10 %, and 30 % by mass of anhydrous 

CAC. The CN admixture was provided in the form of an aqueous solution (52 mass % CN in 

water). This admixture was first combined with additional water prior to mixing with the 

anhydrous CAC. CAC mortars were also prepared at the same CN dosages using ASTM 

C778 [52] compliant graded quartz sand at volume fractions ϕq = 0.00, 0.25, and 0.50. To 

suppress the formation of metastable hydrates [53,54], the mixtures were cured under sealed 

conditions at 45 °C ± 0.2 °C for a period of 28 d. Reagent grade calcium chloride dihydrate 

(CaCl2·2H2O, > 99 % purity) was added to Milli-Q water (i.e., 18 MΩ∙cm deionized water) 

to prepare solutions at Cl− concentrations of: 0.01, 0.05, 0.1, 0.3, 1, and 3 mol/L.

2.2 Methods

2.2.1 Thermodynamic calculations—To ascertain the phase assemblages of the CAC 

mixtures prepared in Section 2.1, thermodynamic calculations were carried out using the 

Gibbs Energy Minimization Software7 (GEMS-PSI), version 2.1 [55–58]. Thermodynamic 

modeling was performed for systems containing CAC (Secar®51) for w/c = 0.45, and for the 

three CN dosages listed above [28]. The calculations were carried out at p = 101 kPa and T 
= 45 °C, with the solid and liquid phases being set to equilibrium with CO2-free air. The 

predicted CAC phase assemblages represent mature CAC pastes in which the formation of 

metastable hydrates CAH10 and C2AH8 is suppressed [54]. The calculations account for the 

partial reaction of the anhydrous CAC, to obtain phase assemblages as a function of degree 

of CAC hydration. The thermodynamic properties of solid and aqueous species were sourced 

from the GEMS-PSI database, and amended with additional information sourced from the 

1Certain commercial products are identified in this report to specify the materials used and procedures employed. In no case does such 
identification imply endorsement or recommendation by the University of California, Los Angeles or the National Institute of 
Standards and Technology, nor does it indicate that the products are necessarily the best available for the purpose.
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literature for CACs [26,27,48,59–63]. Falzone et al. [28] contains further details and a 

compilation of the thermodynamic properties of compounds relevant to the simulations. 

Qualitative agreement between GEMS-predicted and experimental phase assemblages for 

both plain and CN-dosed CAC mixtures has already been established (via X-ray diffraction 

and thermogravimetric analysis) elsewhere [28].

2.2.2 Cl− binding isotherms—After 28 d of curing, to minimize transport hindrances on 

chloride binding, the hydrated CAC pastes were crushed to a fine powder, sieved (d ≤ 63 μm, 

d is the particle diameter) and used in Cl− binding experiments at 25 °C ± 3 °C. Cl− binding 

isotherms of CAC pastes dosed with CN admixture (0 %, 10 %, and 30 % by mass) were 

quantified using the equilibrium method [46]. Triplicate powdered CAC pastes (mpaste = 30 

g) were immersed in CaCl2 solutions (Vsol = 0.1 L) prepared across a range of 

concentrations [25]. CaCl2 was selected to minimize the potential for cation-dependent 

alterations to the hydrated phase assemblages, and to provide sufficient Ca2+ ions required 

for the formation of Friedel’s salt from hydrogarnet (C3AH6) [29,64]. Following immersion 

of CAC pastes in CaCl2 solutions, the free Cl− concentration (CCl,f) in solution was 

measured at 7 d time-intervals over a 21 d period. A multi-parameter benchtop meter (Orion 

VersaStar, ThermoScientific1) that was provided with a Cl− selective electrode (ISE; 

9617BNWP, ThermoScientific1) was used to measure CCl,f.

The ISE was calibrated using calibration solutions prepared using Milli-Q water + 

CaCl2·2H2O over the concentration range 0.001 mol/L ≤  ≤ 3 mol/L, at 25 °C ± 3 °C. 

To perform the binding measurements, ≈ 5 mL of solution was extracted, and filtered using 

a syringe fitted with a 0.2 μm filter to remove solids. The extracted solution was diluted in 

100 mL Milli-Q water, and acidified using 0.3 mol/L HNO3 to adjust the pH to a range of 3 

≤ pH ≤ 4, as required to meet operational specifications of the ISE. The pH was measured 

using a ThermoScientific Ross Ultra electrode1 calibrated using buffer solutions over the 

range 3 ≤ pH ≤ 13 at 25 °C ± 3 °C. To minimize any ionic interferences on the concentration 

measurement, the solution was then dosed with a suitable amount of ionic strength adjuster 

(ISA; 2 mL ISA per 100 mL solution), following which CCl,f was measured using a Cl− 

specific ISE.

2.2.3 Static light scattering—Since solid surface area influences binding isotherms, the 

particle size distributions (PSDs) of the crushed CAC pastes were determined by static light 

scattering (SLS). An SLS particle analyzer (LS13-320, Beckman Coulter1) was used to 

assess the surface area, using isopropyl alcohol (IPA) as the carrier fluid. Prior to their 

characterization, each powder was added to IPA and ultrasonicated to ensure its dispersion to 

primary particles. The complex refractive indices of the IPA and hydrated CAC pastes were 

taken as nIPA= 1.37+ 0.00i [65] and nCAC= 1.70 + 0.10i [66], respectively. The maximum 

uncertainty in the median diameter (d50) was around 6 % based on 6 replicate 

measurements. The d50 of the powdered CAC pastes were nominally similar and on the 

order of 1.3 μm, 1.1 μm, and 2.5 μm for the 0 % CN, 10 % CN, and 30 % CN mixtures, 

respectively. The densities of these mixtures were estimated as 1700 kg/m3, 1900 kg/m3, and 

2000 kg/m3, respectively, based on the thermodynamic calculations. The specific surface 
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areas of the powders were estimated as 150 m2/kg, 250 m2/kg, and 50 m2/kg, respectively, 

assuming spherical particles.

2.2.4 Electrical impedance spectroscopy—Electrical impedance spectroscopy was 

used to assess ion-diffusion in hydrated CAC pastes and mortars based on measurements of 

their bulk resistance (Rb, ohms) [67]. Custom conductivity cells were fabricated by 

modifying cylindrical polystyrene containers (diameter = 53.9 mm, height = 47.6 mm). 

Precision-ground 316 stainless steel rods (diameter = 3.18 mm ± 0.01 mm) served as parallel 

electrodes spanning the entire height of the container, at a center-to-center separation of 25.4 

mm ± 0.5 mm. The geometry factor (k, m−1) of each cell was determined by calibrating the 

measured conductivity to reference NaOH solutions in DI-water (0.1 % and 5 % by mass).

Hydrated CAC compositions dosed with 0 %, 10 %, 30 % by mass CN and containing 

different volume fractions of graded quartz sand (ϕq = 0.00, 0.25, 0.50) were cast into these 

cells, sealed, and cured for 28 d at 45 °C ± 0.2 °C; and their bulk electrical conductivity 

measured in duplicate. EIS spectra were obtained using a Solartron Analytical 1287 

Electrochemical Interface1 with a 1252A Frequency Response Analyzer using an AC input 

signal of 100 mV. A frequency range of 10−1-to-105 Hz was sampled with 10 points 

recorded per decade.

The effective diffusion coefficient of an ionic species in a cementitious microstructure is 

related to its bulk conductivity (σeff; i.e., equivalent to inverse resistivity), and to the 

conductivity of the solution saturating its pores (σ0) as described by the Nernst-Einstein 

relation [68]:

(1)

where,  is the diffusion coefficient of the ith species at infinite dilution in water. This 

approach was used to account for transport hindrances on chloride (and on nitrate transport), 

as would be applicable to real concrete systems. As a significant quantity of pore solution 

from the hydrated CAC pastes [69] could not be obtained, the pore solution conductivity 

(σ0) of CAC mixtures (without CN) was calculated based on the initial pore solution 

concentrations (IM ≤ 30 mmol/kg, see Table 1) obtained from GEMS using the Kohlrausch 

limiting law, with electrochemical activity corrections carried out using the extended Debye-

Hückel relation [70]. The conductivity of the pore solutions of the 10 mass % CN and 30 

mass % CN mixtures was estimated by performing EIS on solutions with CN dosage 

equivalent to their mixing water, as the conductivity is expected to be dominated by the 

abundant CN species.

3. Results

3.1 Thermodynamic calculations

Following on from Falzone et al. [28], Figure 1 shows calculated phase assemblages for 

CAC pastes (w/c = 0.45) containing different dosages of CN admixture (0-to-30 mass % 
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CN). In the plain CAC paste (0 % CN, Figure 1a) C3AH6, C2ASH8, and Al(OH)3 are noted 

as the predominant hydrated phases. These calculations consider a “mature” CAC paste, 

meaning that metastable hydrates that could be present at early ages (e.g., CAH10, C2AH8) 

are not expected to exist as they convert, in time (i.e., at equilibrium), to C3AH6 and 

Al(OH)3. When CAC is admixed with a sufficient dosage (30 mass % of CN), C3AH6 and 

C2ASH8 formation is entirely suppressed in favor of NO3-AFm (see Figure 1c). At 

intermediate CN dosages (e.g., 10 % CN; Figure 1b), the phase assemblage demonstrates an 

intermediate composition, containing a mixture of NO3-AFm, C2ASH8, and C3AH6. These 

systems are all expected to demonstrate substantial capacity for Cl− binding, in proportion to 

their CN dosage. It should be noted that the systems evaluated are water-deficient, meaning 

that reaction would cease before all the anhydrous CAC is consumed. This is significant as 

any unhydrated CAC present, in relation to its content, during binding studies (see Section 

3.2) will sequester Cl− by the formation of Friedel’s salt. Furthermore, the porosity of the 

CAC pastes is expected to decrease as the CN dosage increases, due to the larger molar 

volume of the AFm compounds in comparison to that of C3AH6 [28].

3.2 Cl− binding isotherms

Figure 2 shows the free Cl− concentration, CCl,f as a function of time from 0 to 21 d. The 

solution concentrations are seen to stabilize by 21 d wherein the relative difference in Cl− 

concentrations at 21 d and the previous measurement was ≤ 5 % (i.e., within the 

measurement resolution). Thus, the measured free Cl− concentrations at 21 d were used to 

calculate the bound Cl− content (i.e., expressed in terms of moles of Cl− bound per kg of 

hydrated CAC paste) as:

(2)

where,  and  represent the concentrations of free Cl− in solution (in terms of mol 

Cl− per L of solution) measured initially, and after 21 d of immersion (t near-equilibrium), 

respectively.

Figure 3 shows the equilibrium Cl− binding isotherms for each hydrated CAC paste. The 

bound Cl− content is substantially larger for CN-dosed CAC pastes for CN dosage levels ≥ 

10 mass %. As expected, the isotherms are non-linear, and demonstrate a plateau in binding 

at higher Cl− concentrations. The binding isotherms can be described by a Langmuir 

expression as [71]:

(3)

where,  is the equilibrium bound Cl− concentration (mol Cl−/kg CAC paste), CCl,f is the 

free Cl− concentration in solution at equilibrium (mol Cl−/L solution), and α (L solution/kg 

CAC paste) and β (L solution/mol Cl−) are fitting parameters (see Table 2) [46,72]. As a 
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point of comparison, it should be noted that the Cl− binding capacity of a typical “neat-

OPC” system is approximately 25 % that of the “neat CAC” system shown in Figure 3; at a 

similar w/c and temperature [32].

To better explain the measured Cl− binding isotherms, the phase assemblages calculated 

using GEMS were used to estimate the binding capacity of the CAC pastes. Assuming the 

destabilization of 1 unit of C3AH6 (i.e., which occurs at ≈ 0.01 mol Cl−/L [29]) allows the 

incorporation of 2 units of Cl− to form Friedel’s salt (C3A·CaCl2·H10), C3AH6 features a Cl− 

binding capacity of 5.36 mol Cl−/kg C3AH6. This binding capacity is greater than that 

resulting from the uptake of Cl− into NO3-AFm (3.10 mol Cl−/kg NO3-AFm). This explains 

why the 0 mass % CN and 10 mass % CN mixtures show similar binding isotherms. But, 

increasing the CN dosage enhances Cl− binding in spite of reducing the quantity of C3AH6 

present by suppressing the formation of C2ASH8 (which is not expected to bind Cl− ions) 

while enhancing the quantity of NO3-AFm that is formed; wherein the latter shows 

significant Cl− binding by ion exchange.

To discriminate the effects of Cl− binding via ACE, which releases NO3
− ions, and binding 

via C3AH6 destabilization (i.e., which does not result in NO3
− release), the Cl− binding 

capacity of each CAC formulation was calculated as the mass-average based on its 

thermodynamically modeled phase assemblage, and while assuming complete conversion of 

C3AH6 to Friedel’s salt. Figure 4 shows the calculated Cl− binding contributions for each 

CAC paste overlaid onto its respective Cl− binding isotherm. The majority of the Cl− 

binding isotherm of each CAC paste is explained by its binding capacity calculated based on 

its predicted phase assemblage. The difference in the measured and calculated isotherms is 

thought to arise from discrepancies between the thermodynamically modeled phase 

assemblages and those of the “real” experimental system. However, seeing that this 

difference increases with CN dosage (i.e., or rather, the quantity of unreacted CAC present; 

see Figure 3), it is postulated that the difference dominantly results from the reaction 

between unreacted CAC with Cl− in solution, and physisorption of Cl− species onto the 

residual hydrated phases (e.g., C2ASH8). Assuming that C3AH6 converts to Cl-AFm before 

Cl-for-NO3 exchange by the AFm initiates, the influence of ACE binding can be modeled by 

a multi-step function. This function equals zero below a critical concentration of free Cl−, 

following which it traces the Cl− binding isotherm. As confirmed by Puerta-Falla et al., Cl-

for-NO3 exchange is set to be equivalent (i.e., to ensure 1:1 monovalent ion exchange) to 

satisfy conditions of electroneutrality in solution [73].

3.2 Electrical impedance spectroscopy

The EIS response (i.e., a Nyquist plot) of a representative CAC mortar (ϕq = 0.50) for 

different CN dosages is shown in Figure 5(a). The bulk resistance was quantified as the real 

component of impedance (Z′) at which the imaginary impedance (Z″) displayed a 

minimum. The bulk electrical conductivity (σeff, S/m) of the hydrated specimens was 

calculated as (see Section 2.2.4):

(4)
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Figure 5(b) shows the effective conductivity of CAC mortars as a function of quartz sand 

volume fraction. At a given quartz volume fraction, the effective conductivity decreases as 

the CN dosage increases from 0 mass % to 10 mass % CN, and then increases dramatically 

at the 30 mass % CN dosage. This conductivity minimum is thought to be produced on 

account of alterations in pore structure/connectivity due to the changes in phase 

assemblages, although this aspect requires further study. In each case, the bulk conductivity 

decreases as the volume fraction of quartz sand increases. This is due to dilution of the 

porous CAC paste matrix, and the reduction in its connectivity (i.e., an increase in 

tortuosity) due to the presence of non-porous (sand) inclusions [74,75]. This trend is 

opposite to that observed in OPC mortars, in which ionic diffusivity increases when 

aggregates are present due to the percolation of the porous interfacial transition zones (ITZ) 

between the aggregates [74,75]. The values of  for ions pertinent to seawater are listed 

in Table 1. The calculated values of σ0 and the factor σeff/σ0 for each cementitious 

composition are given in Table 2. As a point of reference it should be noted that the CAC 

mortars feature ionic diffusion coefficients that are equivalent to, or approximately one order 

of magnitude less than that of a typical OPC concrete [76].

4. Formulation of multispecies reaction-transport model

4.1 Schematic and assumptions

To elucidate the benefits of ACE, a simplified concrete bridge-deck geometry (also 

representative of a pier with one-face exposed to seawater) was developed. This 1D-domain 

of a pristine (i.e., uncracked) concrete section is shown in Figure 6. The concrete section has 

a thickness of L = 0.2 m, a fraction of which comprises a CAC-based top-layer of thickness 

xc = 0.025 m. The depth of the reinforcing steel from the upper surface (i.e., the cover depth) 

is assumed to be xr = 0.050 m. To describe ion transport, the following assumptions were 

made:

• The porosity of the concrete and the CAC-based top-layers is saturated with pore 

solution,

• Advective transport of ions is negligible as a zero pressure gradient is assumed in 

the pores, hence the pore solution velocity (and Péclet number) is zero, assuming 

no moisture transport is induced by cyclic wetting-and-drying [43,77],

• The effects of ion-activity (i.e., non-ideality of the solution) on transport are not 

accounted for since this factor exerts second order contributions to the transport 

response [78,79],

• The effects of electrical coupling between ions is significant enough to warrant 

multispecies modeling [42,80], and,

• The electrical double layer present on the hydrated solids does not affect 

transport [81], since ion transport takes place dominantly through larger capillary 

pores which remain percolated, rather than through the nanoscale gel pores, e.g., 

as present in the C-S-H [68].
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4.2 Governing equations

For the assumptions noted above, the concentrations of multiple ionic species in solution as 

a function of space (x) and time (t) can be described by the Nernst-Planck (NP) equation:

(5)

where, Ci,f is the free concentration of the ith species within the pore solution (mol/L), Di is 

the diffusion coefficient of the ith ionic species within the relevant cementitious matrix 

(m2/s), zi is the valence of the ith species, R is the universal gas constant (8.314 J/mol·K), T 
is the temperature (K), F is Faraday’s constant (96484.56 C/mol), ψ is the electric potential 

(V), and νi is the reaction rate of the ith species (mol/(L∙ s)). The NP equation is governed by 

the ionic concentrations of n-1 species, where n is the total number of ionic species 

considered. The concentration of the final (nth) species is governed by the electroneutrality 

assumption (i.e., zero charge density) which is a simplification of the Poisson equation [82]:

(6)

The reaction rate (νi) in Equation (5) for all species except Cl− and NO3
− was assumed to be 

zero (i.e., no reaction between species). The reaction rates corresponding to the Cl− and 

NO3
− species are expressed by the following first order reactions:

(7)

(8)

where, kCl is the reaction rate constant of Cl-for-NO3 ion exchange (s−1), and  is the 

maximum NO3
− concentration predicted in the pore solution upon exhaustion of the 

system’s ACE capacity. Since Cl− for NO3
− exchange in AFm is stoichiometric (i.e., 1 mol 

Cl− replaces 1 mol NO3
−), the molar fluxes of these species are equal and opposite when 

ACE is the means of Cl− binding [73]. The Cl− binding isotherm  for any 

cementitious formulation is given by the Langmuir isotherm parameters noted in Figure 3, 

scaled to the appropriate units by the paste content and porosity given in Table 2. The 

binding response, i.e., including the effects of C3AH6 conversion, Cl−-for-NO3
− exchange 

and the hydration of residual CAC, if any, is given by a piecewise function written as:
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(9)

where,  and  are the free Cl− concentrations at which binding by ACE begins, and 

ends, respectively. Cl− binding was modeled as a first-order reaction, in which the driving 

force is given simply by the difference between the currently bound Cl− content, and the 

equilibrium bound Cl− content predicted by the relevant (mixture dependent) binding 

isotherm shown in Figure 3. Thus, the following equation was solved for CCl,b:

(10)

4.3 Initial and boundary conditions

The concentrations of ions at the exposed surface (i.e., x = 0) was set to conform with those 

of seawater [83]; as noted in Table 1. Table 1 also details the concentrations of ions in the 

pore solution of the OPC and CAC formulations. The compositions of pore solutions were 

estimated by thermodynamic calculations (for the CAC formulations) or sourced from the 

literature (for the OPC system). As expected, the CN-dosed CAC systems show large 

concentrations of NO3
− species in their pore solutions, and a pH (OH− abundance) that is 

lower than an OPC-concrete system [84].

Assuming ions cannot escape the bottom of the bridge-deck (e.g., due to the presence of 

stay-in-place metal forms), a zero-flux boundary condition is imposed at x = L:

(11a)

where, N is the flux of the ith ionic species (mol/m2∙s). Additionally, this lack of “ion 

escape” also implies electrical insulation (i.e., zero current) at the same boundary:

(11b)

where, Nψ is the electrical current density (A/m2). The potential at the exposed surface of 

the concrete bridge deck was assumed to be zero, i.e., grounded:

(12)
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A perfect bond was assumed between the CAC top-layer and the bulk OPC concrete, and no 

buildup of electric charge was assumed at the interface. Therefore, ionic flux and electric 

current density were assumed to be continuous across the interface (x = Lc).

Table 2 displays additional material-specific parameters used in the simulations. These 

include the Langmuir isotherm parameters and reaction rate constants, the factor σeff/σ0, 

porosity and paste content. The maximum uncertainties in α and β were ± 0.0005, and 

± 0.0001, respectively. The porosity of each CAC composition was calculated – from its 

volumetric phase assemblage at a degree of reaction of 70 % – as the fractional volume of 

the liquid phase present in the system [88]. Although the binding rate constant of Cl− for 

NO3
− exchange in AFm’s has been measured to be on the order of [1.0 ± 0.2] × 10−5 s−1, to 

improve numerical convergence, the rate constant was estimated as 1 × 10−7 s−1 across all 

compositions [73]. This reduction however, does not significantly influence the results, as 

the process remains diffusion-limited (i.e., with Damköhler number ≫ 1) and binding can be 

approximated as instantaneous. Indeed, over simulated time scales of 1-to-100 years, the 

simulated Cl− and NO3
− concentrations vary by <1% at any x as the binding rate constant is 

increased (not shown).

4.4 Method of solution

The governing equations (Equations 5 to 10) were solved using the specific initial and 

boundary conditions (Equations 11–12 and Table 1) within COMSOL Multiphysics 4.31, a 

commercial finite element solver, using the “Chemical Reaction Engineering Module”. 

Numerical convergence was considered to be reached when the highest relative difference in 

Cl− concentration profiles was ± 1 %, when reducing the element size or time step by a 

factor of 2. In practice, converged solutions were obtained by imposing a maximum time 

step of 1 × 105 s, while using the adaptive time-stepping algorithm built-in to COMSOL and 

a fixed element size of 5 × 10−4 m.

5. Results of finite element simulations

5.1 Cl− transport from seawater

The first set of simulations considered surface exposure of an OPC bridge-deck to seawater, 

the concentration and volume of which remain fixed. Figure 7(a) shows simulated Cl− 

concentration profiles within a neat-OPC concrete as a function of distance, x, from the 

exposed surface. As expected, Cl− concentrations rise dramatically through the depth of the 

concrete over time. The corresponding Cl−/OH− ratio at various depths in the cover-zone 

typical for bridge-decks is shown in Figure 7(b).

It is seen that Cl−/OH− ratios exceed 0.6 within 30 years; i.e., which would assure corrosion 

initiation and its progression. Conservatively, the service life of the bridge-deck is defined 

by the time interval prior to corrosion initiation (tinit); i.e., the period in which Cl−/OH− ≤ 

0.6. For an OPC cover depth xr = 0.050 m, that is typical for bridge decks, corrosion is 

expected to initiate for tinit = 6.4 years. Obviously, increasing the cover depth above steel 

reinforcement (xr) to 0.075 m or 0.100 m delays tinit to 14.6 years or 25.5 years, respectively. 

Figure 7(c) displays tinit as a function of xr within an OPC concrete bridge-deck. The 
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influence of Cl− binding within the OPC concrete is significant, as a result of which tinit 

approximately doubles for xr ≥ 0.025 m. While increasing the cover depth does delay the 

onset of corrosion, this is often considered as an inefficient and cost-prohibitive mitigation 

approach.

Second, a scenario was simulated wherein the top 0.025 m of OPC concrete was replaced 

with a plain CAC mortar top-layer. Figure 8(a) displays Cl− concentration profiles for such a 

bridge-deck, wherein the mortar (CAC + 0 % CN) contains a quartz inclusion volume 

fraction, ϕq = 0.50. In this case, the combined effects of lower ionic diffusivity (≈ ¼ that of 

OPC concrete) and enhanced Cl− binding of the CAC top-layer retard Cl− ingress relative to 

the OPC concrete (i.e., by increasing tinit from 6.4 years to 28.5 years). To highlight these 

effects on tinit, detailed simulations were carried out while assuming: (i) the Cl− binding 

capacity of the CAC paste to be similar to the OPC system (Bindtop = Bindbulk), and, (ii) the 

ion-diffusivity of the CAC mortar is equivalent to that of the OPC concrete (Dtop = Dbulk). 

The resulting Cl−/OH− ratios are displayed in Figure 8(b) for a fixed cover depth, xr = 0.050 

m. The reduced ionic diffusivity of the CAC mortar is identified as the primary cause of an 

increased time to corrosion initiation, as tinit = 18.4 years solely on the account of retarded 

ion diffusion (case i, Bindtop = Bindbulk), while tinit = 9.1 years when only an increase in Cl− 

binding capacity is considered (case ii, Dtop = Dbulk). Nevertheless, the effects of enhanced 

Cl− binding are significant. When the effects of enhanced binding are negated (i.e., by 

setting Bindtop = Bindbulk), Cl− concentrations in solution are greater as compared to when 

enhanced binding and reduced diffusivity function in tandem. This clearly indicates the 

potential benefits of enhanced Cl− binding in increasing service life.

To further compare the efficacy of CAC top-layers in corrosion mitigation, a corrosion delay 

factor (df) was defined as df = tinit(CAC)/tinit(OPC concrete). Figure 8(c) displays the 

corrosion delay factor as a function of the reinforcement cover depth in the 0 % CN CAC 

case. In each case, the corrosion delay factor shows a maximum for 0.01 m ≤ xr ≤ 0.03 m, 

illustrating an optimal efficacy of the CAC top-layer thickness relative to the depth of 

reinforcing steel. Maximum delay factors range from 2.9 to 13.9, depending on the 

parameters imposed. It should be noted that these outcomes are broadly independent of the 

critical Cl−/OH− ratio at which corrosion initiates. This is because the critical Cl−/OH− ratio 

influences the magnitude of tinit, but only weakly affects df.

The effects of CN additions to CAC’s were also investigated. Figure 9(a) shows calculated 

Cl−/OH-ratios at xr = 0.050 m when an OPC-concrete is topped with a CAC top-layer dosed 

with 30 mass % CN. The coupled effects of (very slightly) reduced ion-diffusion and 

substantially enhanced Cl− binding dramatically hinders Cl− transport in comparison to OPC 

concrete. In fact, the 30 % CN composition shows a greater delay efficacy than the 0 % CN 

composition, despite the fact that its ionic diffusivity is 3x higher. This indicates that the 

benefits of amplified Cl− binding capacity of the 30 % CN system far outweighs its 

increased diffusivity. Unlike the 0 mass % CN case, in which the ion-diffusivity reduction 

plays a prominent role, enhanced Cl− capture and the associated NO3
− exchange are 

observed to be the dominant mechanisms of corrosion delay. Due to the similarity of the 

diffusivity within the CAC mortar and OPC concrete, when Cl− binding within the CAC top-

layer is equated to that of OPC (Figure 9a, Bindtop = Bindbulk); Cl− ingress is only slightly 
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reduced, resulting in a predicted time to corrosion of tinit = 8.9 years at a cover depth xr = 

0.050 m (i.e., when Cl−/OH− ≤ 0.60). However, due to the high initial NO3
− concentration in 

the pore solution, and NO3
− exchange enabled by the NO3-AFm, the time to corrosion is 

expected to be extended.

For clarity, Figure 9(b) displays the relevant Cl−/NO3
− ratios as a function of time. When 

both ionic diffusivity and binding effects are considered, the presence of NO3
− in the pore 

solution extends tinit to 50.2 years (i.e., when Cl−/NO3
− ≥ 0.25). But, when Cl− binding is 

equivalent to the OPC system (i.e., Bindtop = Bindbulk), Cl−/NO3
− quickly exceeds the 

critical passivation ratio resulting in corrosion initiation. In this case, the presence of NO3
− 

does not improve service life, as the time period when Cl−/NO3
− ≤ 0.25 is less than that at 

which Cl−/OH− ≤ 0.6. These findings are supported by the significant increase in the 

corrosion delay factor (e.g., see Figure 9c) which exceeds 65 due to the combined effects of 

reduced diffusivity and enhanced ACE, as compared to only 3 when the effects of enhanced 

ACE are neglected.

5.2 Parametric study

To deconvolute the effects of enhanced Cl− binding, reduced ionic diffusivity, and of NO3
− 

release (i.e., simultaneous anion capture and exchange) on the time to corrosion initiation, a 

parametric study was carried out. The simulations considered CAC top-layers with 0 %, 

10 %, and 30 % by mass CN, with binding isotherms corresponding to Figure 3; but with an 

ionic diffusivity equal to that of the OPC concrete. Figure 10(a) displays the corrosion delay 

factor (df) that is predicted for these conditions as a function of the fraction of cover depth 

composed of CAC (xc/xr); for a cover depth xr = 0.050 m. To set the performance of the 

baseline scenario, the time to steel corrosion initiation for the OPC concrete system is 

determined to be 6.4 years.

For all CAC compositions, increasing the CAC layer thickness increases the time to steel 

corrosion initiation, resulting in corrosion delay factors > 1. For example, when 0.050 m of 

OPC cover is replaced by a 0 mass % CN CAC mortar top-layer, the time to corrosion 

initiation doubles. As the CN dosage increases, the provision of CAC top-layers increasingly 

extends the time to steel corrosion initiation. This is largely due to the release of the NO3
− 

ions via ACE ensuring that the Cl−/NO3
− ≤ 0.25. To carefully illustrate the benefits of NO3

− 

release in the CAC + 10 mass % CN top-layer, the NO3
− reaction rate (i.e., νNO3, Equation 

8) was set to zero. In this case, due to the insufficient concentration of free NO3
− in the pore 

solution, the service life predicted by the Cl−/OH− ratio exceeds that predicted by the critical 

Cl−/NO3
− ratio. However, due to enhanced Cl− binding, the time to achieve the critical 

Cl−/OH− ratio (Figure 10) is significantly extended relative to the OPC concrete. Despite the 

similarity between their Cl− binding isotherms, the CAC + 10 mass % CN top-layer 

demonstrates larger delay factors than the 0 mass % CN CAC mortar top-layer. This can be 

attributed to the lower porosity and the higher paste content in the CAC + 10 mass % CN 

system, which increases the amount of CAC paste available for Cl− capture from the pore 

solution. While the effects of enhanced Cl− capture in this system are substantial, the 

corrosion delay factor is only one-half of that when ACE (NO3
− release) is considered.
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To examine the benefits of ACE over a wider range of surface Cl− concentrations, i.e., 

beyond just seawater exposure, a broader set of simulations were carried out. Here, 

electroneutrality in the solution at the surface was maintained by modifying the Na+ 

concentration concurrently with that of Cl− (i.e., assuming NaCl as the Cl− source) – and the 

thickness of the CAC top-layer was fixed at 0.025 m, while the total cover depth was 0.050 

m. Once again, the effects of Cl− binding and NO3
− release were separated from that of ion-

transport (i.e., diffusion) by setting the diffusion coefficient of the CAC layers equivalent to 

that of the bulk OPC concrete. The resulting corrosion delay factor is shown as a function of 

the surface Cl− concentration (CS
Cl); from 0.1 mol/L to 5 mol/L (Figure 10b). These 

concentrations span conditions from seawater, to exposure to deicing salts, or standing 

seawater that is concentrated by evaporation. When surface Cl− concentrations rise beyond a 

limiting concentration, steel corrosion initiates very rapidly independent of the cover layer 

composition. In the 0 mass % CN CAC mortar, the corrosion delay factor diminishes to <1 

at large surface Cl− concentrations indicating performance inferior to the OPC concrete. 

This is due to the reduced OH− concentration within the CAC pore solution and the high 

exterior Cl− concentration overwhelming the binding capacity of the system.

Similarly, CN-dosed systems demonstrate a maximum corrosion delay factor for Cl− 

concentration on the order of 0.5-to-1 mol/L, with a slight decrease as CS
Cl is increased. 

However, even at 5 mol Cl−/L, representative of exposure to concentrated seawater [89,90], 

the 30 % CN CAC layer delays corrosion by 6.7 times relative to OPC concrete. In this case, 

NO3
− release due to ACE is revealed to be the critical parameter in delaying corrosion. 

When NO3
− release is not considered in the 10 mass % CN CAC top-layer, the corrosion 

delay factor is halved, thus approaching that of the OPC concrete at high Cl− concentrations. 

This suggests that the provision of coatings capable of ACE is an efficient approach to – 
under suitable exposure conditions – more than double the service life of concrete 
infrastructure. It should be noted, however, that the conclusions of this study are applicable 

to uncracked concrete, or concrete in which a surface penetrating crack does not intersect or 

approach the steel reinforcement. However, due to the rapid kinetics of Cl− uptake in CAC 

systems [73], ACE binding is expected to exert beneficial effects even when the cover is 

cracked. Depending on the Cl− exposure conditions, the ACE capacity of the CAC mortar 

top-layers is estimated to reach saturation within 10 years to 20 years. However, “mill-and-

fill” operations could be used to periodically replace these layers, re-enhancing the ACE 

capacity of such top-layers. These outcomes suggest new routes to mitigate steel corrosion 

in concrete infrastructure.

6. Summary and conclusions

Cl−-induced corrosion of steel embedded in reinforced concrete is a major cause of 

premature degradation of concrete infrastructure. AFm phases present in cementitious 

systems are able to sequester and release anions in relation to their thermodynamic 

preference for interlayer site occupation [27,28]. This bestows AFm compounds with an 

ability for anion capture and exchange (ACE); a novel route to mitigate Cl− penetration and 

resulting corrosion. Indeed, CAC formulations dosed with CN are shown to be capable of 

sequestering Cl− species, while releasing corrosion inhibiting NO3
− species [19]. Precise 

input data of Cl− binding and NO3
− exchange, and ion-diffusion rates are input into a multi-
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species Nernst-Planck model to quantitatively describe the evolutions of Cl−/OH− and 

Cl−/NO3
− ratios in the pore solution. It is noted that across all potential combinations of 

diffusion coefficients, the effects of Cl− binding and NO3
− exchange are crucial in delaying 

the onset of steel corrosion – thereby enhancing service life.

As an example, in the case of seawater exposure, the provision of CAC + CN-based top-

layers is estimated to increase the service life (or conversely delay the onset of steel 

corrosion) by a factor ranging between 5 ≤ df ≤ 10, where df is the delay factor (unitless). 

These outcomes remain independent of the threshold values selected for corrosion risk 

indicators – i.e., commonly taken as Cl−/OH− ≥ 0.6 and Cl−/NO3
− ≤ 0.25 – as, in general, 

ACE is beneficial in delaying, or preventing the onset of steel reinforcement corrosion. The 

outcomes make a case for the use of functional ACE coatings that act as more than just a 

physical barrier (e.g., a sealer, or a high-performance concrete topping that only reduces ion-

diffusion rates [91,92]) as an innovative means to mitigate steel corrosion related 

degradation of concrete infrastructure.
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Figure 1. 
The hydrated phase assemblages calculated using GEMS for CAC systems for w/c = 0.45 

containing: (a) 0 mass % CN, (b) 10 mass % CN, and (c) 30 mass % CN [28]. These 

calculations consider 100 g of anhydrous CAC reacting with 45 g of water/CN solution. The 

dashed vertical line shows the maximum simulated degree of hydration for each system. At a 

degree of hydration greater than this value, chemical reactions will cease due to limitations 

on water availability.
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Figure 2. 
The free Cl− concentration (CCl,f) in solution as a function of time for CaCl2·2H2O solutions 

in contact with hydrated CAC pastes containing: (a) 0 mass % CN, (b) 10 mass % CN, and 

(c) 30 mass % CN over the concentration range: 0.01 mol/L ≤  ≤ 3 mol/L. The 

coefficient of variation of the CCl,f measurements was ≈5%.
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Figure 3. 
The measured Cl− binding isotherms for the hydrated CAC pastes following 21 d of 

immersion in CaCl2·2H2O solutions. The error bars indicate ± one standard deviation in the 

experimental measurements, which were performed in triplicate.
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Figure 4. 
A representation of the different contributions to Cl− binding which describe the uptake 

capacity of hydrated CAC pastes containing: (a) 0 mass % CN, (b) 10 mass % CN, and (c) 
30 mass % CN.
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Figure 5. 
(a) A Nyquist plot obtained from EIS measurements depicting the bulk resistance (Rb, kΩ) 

of the hydrated CAC + CN mixtures (ϕq =0.50). (b) The effective conductivity of hydrated 

CAC + CN mixtures as a function of the quartz dosage. The data points represent the 

average of two replicates, with error bars indicating the upper and lower values.
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Figure 6. 
A schematic of the simulated concrete bridge-deck section subject to Cl− ingress at (x = 0) 

that features a CAC-based top-layer of thickness xc.
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Figure 7. 
(a) The simulated Cl− concentration profiles within the OPC concrete, and, (b) The Cl−/OH− 

ratio within an OPC concrete as a function of time for different cover depths. The dashed 

line indicates the critical Cl−/OH− ratio at which steel corrosion initiates. (c) The calculated 

time to corrosion initiation (tinit) as a function of the reinforcement cover depth xr.
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Figure 8. 
(a) The simulated Cl− concentration profiles within an OPC concrete topped with a 0 mass 

% CN CAC top-layer (ϕq = 0.50, xc=0.025 m) after 15 years of exposure to seawater. The 

dashed lines show scenarios wherein a Cl− binding isotherm equal to that of the OPC paste 

was assumed in the CAC top-layer (Bindtop = Bindbulk), or, wherein the CAC top-layer and 

the OPC concrete are assumed to have similar ionic diffusivities (Dtop = Dbulk). (b) The 

Cl−/OH− ratio as a function of time at a cover depth xr = 0.050 m. The horizontal dashed line 

in (b) indicates the critical Cl−/OH− ratio when steel corrosion initiates. (c) The corrosion 

delay factor (df) produced by replacement of the OPC concrete with a 0 mass % CN CAC 

top-layer, as a function of reinforcement cover depth xr.
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Figure 9. 
(a) The Cl−/OH− ratio, and, (b) The Cl−/NO3

− ratio within OPC concrete topped with a 30 

mass % CN CAC top-layer (ϕq = 0.50, xc=0.025 m) as a function of time for a cover depth 

xr = 0.050 m. The horizontal dashed lines in (a) and (b) indicate the critical Cl−/OH− and 

Cl−/NO3
− ratios for the initiation of steel corrosion or inability for the re-passivation of steel 

by NO3
−. (c) The corrosion delay factor (df) produced by replacing OPC concrete with a 30 

mass % CN CAC top-layer, as a function of reinforcement cover depth xr.
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Figure 10. 
The corrosion delay factor relative to OPC concrete as a function of: (a) The fractional 

thickness of the CAC top-layer (xc/xr), and (b) The surface Cl− concentration (CS
Cl), for a 

reinforcement cover depth xr = 0.050 m.
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