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There is much debate on the expression used for the critical chloride threshold as well as on its value for breakdown of the 
protective layer of steel for reinforced concrete. In fact, this concept suggests that the breakdown is only driven by dissolution of 
the protective layer. A reactive transport model including dissolution and precipitation of solid species with their kinetics is 
then used in order to simulate the ingress deleterious substances in a concrete exposed to seawater and the chemical 
degradation of the oxides and hydroxides present in the protective layers covering a steel rebar. The numerical results confirm 
that most of the oxides are thermodynamically very stable even after a long period of exposure, especially in the inner layer. 
This finding suggests that corrosion initiation depends on protective layer thickness and history. These results also provide a 
sound explanation why a wide scatter of values of critical chloride threshold values is reported in literature.
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1. Introduction

Chloride-induced corrosion of steel reinforcement is one

of the main causes of premature deterioration of marine

concrete structures. Therefore this deterioration mechan-

ism is considered an essential factor to be examined in

more detail in order to better understand the long-term

behavior of materials used to build and repair concrete

structures. One of the critical points is the breakdown of

the protective layer covering steel reinforcement which,

once it has happened, allows steel to corrode. However,

this phenomenon is still unclear although essential in

quantifying the service life of structures (Refs. [1, 2] to

cite a few).

According to the literature, the protective layer break-

down in concrete corresponds to a critical concentration of

chloride, this latter term being expressed as” critical chlor-

ide threshold” today. Generally, this threshold level at the

depth of the reinforcement can be expressed in four ways:

the concentration of total chlorides [3, 4], the concentration

of free chlorides [5], the ratio ½Cl��=½OH�� [6, 7] and the

ratio ½Cl��=½ANC� [8]. In the last case, ANC is the neutral-

ization capacity of an acid (or alkalinity), defined as fol-

lows: ½ANC� ¼ 2½CO3
2�� þ ½HCO3

�� þ ½OH�� �½Hþ�:
Angst et al. [1] have listed the most influential parameters

on breakdown among which steel-concrete interface, pH

value of the pore solution and electrochemical potential of

steel can be found. Cao et al. confirm that there is a wide

scatter in critical chloride concentration (over 2 orders of

magnitude) on a compilation of a significant number of

data reported in Chinese publications [2]. The threshold

level also depends on rebar surface conditions [9–11],

properties of the rebar concrete interface [12] and

chemistry of the concrete pore solution [8, 13–16].

Furthermore, the expression to be used for these thresholds

is the subject of much debate. Ann et al. [17] and Glass

et al. [8] show that the concentration of total chlorides is

more relevant than the concentration of free chlorides or

than the ratio ½Cl��=½OH��: Hausmann [6] and Diamond

[18] consider that the threshold level when expressed by

the ratio ½Cl��=½OH�� is constant regardless of the cement

composition and concrete mix-design. Gouda [7] proposed

the expression ½Cl��0:83=½OH��: However, other studies

indicate that the threshold vary depending on the physico-

chemical parameters close to the protective layer. For

example, Li et al. [10] and Moreno et al. [19] show that

the threshold level expressed as the ratio ½Cl��=½OH��
increases when the pH increases. Yu et al. show also that

corrosion depends on load-induced damage or casting-

induced damage [20].

In the literature several theories have been proposed to

explain the steel protective layer breakdown in an aggres-

sive electrolyte solution. It was first considered, in 1964

by Kolotyrkin, as a physical adsorption mechanism [21].

Kolotyrkin reasoned that the adsorption of aggressive

anions on the external surface of the protective layer

increases the transfer of cations Fe2þ, Feþ3 to the sur-

rounding electrolyte solution. Later, Dabosi et al. [22] cor-

rected this Kolotrin’s opinion by measuring only the

Fe2þ-ions when bare steel is in contact with the electrolyte

at a point where the protective layer has fractured. Dabosi

et al. further proposed that the protective layer becomes

thinner over the time due to gradual dissolution of its con-

stituents until possibly complete dissolution occurs during

intense local dissolution. The penetration mechanism pro-

posed by Hoar et al. in 1965 [23] is very different from
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the theory of Kolotyrkin since they consider only the

transport of aggressive agents through the protective layer

to reach the “iron/protective layer” interface, a zone in

which these agents are most active (see Figure 1). The

iron is then in direct contact with the aggressive agents.

Iron dissolves as iron(II) ions which, themselves react

with the hydroxide ions OH–. The combination of these

ions produces iron hydroxide FeðOHÞ2, which can then

further react with other ions to form other oxides/hydrox-

ides. These products finally precipitate at the “iron/pro-

tective layer” interface. As the molar volumes of the

substances formed are larger than the original volume,

this results into pressure creating stresses in the protective

layer that may cause it to crack. In 1970, Vetter et al. [24]

proposed a mechanism fairly similar to the one described

previously. Nevertheless, Vetter et al. made the assump-

tion that the protective layer has been previously damaged

and already demonstrates micro-cracks. Propagation of

aggressive agents through these cracks is then easier.

Corrosion products resulting from the reactions of the

aggressive agents with the” healthy” iron also lead to

mechanical deterioration of the protective layer. In 1976

Strehblow [25] did not see these different mechanisms as

being as contradicting. Quite the reverse: for Strehblow

depassivation is characterized by three main mechanisms:

(1) adsorption mechanism (physical and chemical), (2)

mechanism involving penetration of aggressive agents

through the protective layer, (3) mechanism involving fail-

ure of the layer due to formation of corrosion products for-

mation in the iron/protective layer interface. All three of

these mechanisms can occur simultaneously during the

deterioration process. In addition, the phenomena associ-

ated with any of these mechanisms may influence

the others.

In the scenarios previously described, only one scen-

ario considers a dissolution of the protective layer by

aggressive agents. The other scenarios involve a transport

mechanism either through the protective layer or through

micro-cracks. For all scenarios, the time to corrosion is

then dependent on the steel-concrete interface and in par-

ticular the thickness of the protective layer [26] or to the

mechanical history of the rebar (e.g. stress during rebar

transport or casting, stress during service life of reinforced

concrete). In the case of reinforced concrete, except at

considering that for each reinforcement bar the protective

layer thickness is similar or that micro-cracks always

occurs at the same time, the scenarios other than dissol-

ution should lead to a scatter of the critical chloride thresh-

old value for the same cementitious material when

exposed to the same environment but with different rein-

forcing bar. Although this scatter should then also be

observed with the same reinforced concrete if the protect-

ive layer thickness varies along the reinforcing bar.

Whereas all scenarios except one are dependent on depth

or mechanical protective layer history, the concept of a

critical chloride threshold suggests that the degradation of

the protective layer is only driven by dissolution. Of

course, ingress through the protective layer depends on a

concentration gradient of the agressive agents but, once

again, the time to reach the steel depends on the protective

layer geometry (thickness) or mechanical history.

Faced with these different scenarios, there is a need to

find out whether thermochemical reactions (dissolution) at

the steel/concrete interface are sufficient on their own to

explain the degradation phenomenon. Modeling should

help to understand this protective layer degradation mech-

anism eventually affecting the steel used in reinforced

concrete. A reactive transport model is then used in order

to simulate the ingress of seawater in the concrete cover

by taking into account the modification of hydrates and

pore solution from the external concrete surface to the

protective layer around the embedded steel and the chem-

ical degradation of the oxides and hydroxides present in

the protective layer covering a rebar. This numerical study

focuses on the conditions of thermochemical (and kineti-

cal) deterioration of the constituents of the protective layer

in a concrete. The first part discusses what the concept of

a critical chloride threshold implies. The second part

describes the nature of the constituents of the protective

layer and the reactive transport model. The third part

presents simulation results and a discussion is proposed.

Conclusions are presented in the final part.

2. Protective layer composition and

corrosion products

Understanding the chemical deterioration mechanisms of

the protective layer requires knowledge of its nature and

its geometry. A electro-chemical balance between the

interstitial solution and the reinforcement is set up, the

reinforcement being “protected” by a protective layer and

the alkalinity of the pore solution inside the concrete. In

fact, this balance is an instable equilibrium since “healthy”

steel is not present in natural conditions. Thus, corrosion

of steel rebar is a slow process that cause the iron to oxi-

dize and steel to have a protective layer of oxides and

hydroxides on its external part. However, this process can

be accelerated dramatically leading to protective

layer breakdown.

In the highly alkaline environment present in concrete

the nature of the protective layer on steel reinforcement has

been examined in a number of studies [27–29]. According

to the Pourbaix diagram [30], simplified for 25
�

C, two iron

oxides in the protective layer are more stable when the iron

is in contact with water, i.e. hematite and magnetite

(a�Fe2O3 and Fe3O4, respectively). In the protective layer

also other iron oxides can be found, including hydrated

oxides such as goethite, lepidocrocite and maghemite

(a�FeOOH , c�FeOOH and c�Fe2O3, respectively)

[27]. From a geometrical point of view, the protective layer

is considered as a two-layered structure: an inner layer

mainly composed of iron(II) oxides and an external layer

mainly composed of iron(III) oxides [12, 29, 31–35] (see

Figure 1). Suda et al. [36], Noda et al. [37] and Pan et al.

[38] have experimentally determined that the outer layer of

the protective layer in contact with the pore solution of the

concrete cover is porous and consists of lepidocrocite

c�FeOOH and goethite a�FeOOH or maghemite
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c�Fe2O3: The inner layer of the protective layer in contact
with the” healthy” iron is denser than the outer layer and is

made up of magnetite Fe3O4 and hematite a�Fe2O3: In the
literature the thicknesses of the protective layer is reported

to be about 5 [28] to 10nm [39–41] in an alkaline electrolyte

solution.

When the ions contained in seawater enter the con-

crete, the electrochemical equilibrium is disturbed leading

to precipitation of Friedel’s salt, ettringite or dissolution

of portlandite (to cite a few). Upon arrival of chloride

ions, the equilibrium of the protective layer is also dis-

turbed. The protective layer begins to deteriorate and

reaction products may develop, such as akaganeite

ðFeðOHÞ2:7Cl0:3Þ [42–45] and different forms of green

rust, Fe4ðOHÞ8Cl �nH2O [46, 47], Fe6ðOHÞ12 CO3 �
2H2O [46, 48], Fe3O2ðOHÞ4, Fe8ðOHÞ16SO3 �
4H2O, Fe6ðOHÞ12SO4 � 2H2O [49].

3. Numerical approach

3.1. Model description

In order to study the chemical dissolution of the protective

layer components (oxide or hydroxide), a good estimation

of the ionic concentrations close to the reinforcement is

needed. To allow for a prediction of the ionic species

ingress and the chemically consequences on oxides and

hydroxides present in the protective layer, a physically

and chemically based model is used. This model simulate

the reactive transport of ionic species in the concrete cover

and their possible reactions with the solid species as well

as the dissolution of the protective layer oxides present

arbitrarily at 3 cm depth. This model has been recently

developed and validated in the case of the development of

reaction products during chloride ingress in saturated con-

cretes exposed to a chloride solution [50, 51] or to an

external sulfate attack [52]. A simplified version of this

model, assuming that adsorption of chloride on C-S-H

depends linearly on chloride concentration, was also used

to simulate chloride ingress in concrete subjected to

wetting-drying cycles involving seawater in laboratory

conditions during 1.5 years [53]. First, such a model is of

interest to describe the evolution of the mineral phases

and the composition of the ionic solution in time and

space, especially close to a reinforcement bar. Second, it

can help to estimate which conditions are required in order

to dissolve the components of the protective layer.

The model used is based on mass transport and phys-

ico-chemical reactions. Diffusion is the main transport

mechanism considered in this study. The equation for the

submerged continually water-saturated conditions with

coupling of transport processes to chemistry is as fol-

lows:

@/ci
@t

¼ r
!

: De, ir
!

ci

� �

þ qi (1)

where /, ci, De and qi are the porosity [-], the ionic con-

centration [mol:l�1], the diffusion coefficient of ionic spe-

cies i in the pore solution of the concrete [m2:s�1] and a

source term which describes ionic species that can either

be physically bound or chemically react with the cementi-

tious matrix [mol:l�1:s�1], respectively.

Mineral dissolution/precipitation can modify the

local porosity of the concrete. That is the reason why

porosity is explicitly included in Equation 1. The mag-

nitude of the effective diffusion coefficient can then be

locally modified as it is expressed as a function of por-

osity as follows:

De, i ¼ s/Dwi (2)

where s [-] is the tortuosity in the concrete and Dwi is the

diffusion coefficient of species i in pure water.

The model only takes into account a common coeffi-

cient for both cationic, neutral and anionic species. The

problem was simplified to a one-dimensional problem for

the ingress of seawater in concrete. The chemical reac-

tions were calculated assuming mineral precipitation/dis-

solution of the main concrete minerals with their kinetics

during the transport process. They were calculated assum-

ing thermodynamic equilibrium and kinetics for the

Figure 1. Reinforced concrete exposed to seawater and schematic protective layer on steel reinforcement as a two-lay-
ered structure.
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protective layer components. The kinetic laws used in this

study follow the expression given by Lasaga et al. [54]:

rn ¼ 6knAs, n 1� Xnj j n ¼ 1, ::,Nq (3)

where positive values of r indicate dissolution and nega-

tive values precipitation of mineral species n, k is the rate

constant (mol:m�2:s�1). As is the specific reactive surface

area (m2:g�1), X is the mineral saturation ratio [-]. When

the reaction approaches an equilibrium, X approximates 1,

and the chemical reaction rate tends towards 0. q is the

number of minerals under kinetic constraints.

Ionic species can also be adsorbed on C-S-H. The

driving process for absorption can be expressed as fol-

lows:

Keq ¼ K exp
�Fw0

RT

� �

(4)

where Keq, K, F, w, R and T are the equivalent solubility

product [-], the solubility product [-], the Faraday’s con-

stant [C:mol�1] the surface potentiel [V], the ideal gaz

constant [J :K�1:mol�1] and the temperature [K], respect-

ively. In this work the surface potential is calculated by

the Gouy-Chapman diffuse layer theory in this work.

3.2. Input data

Two binder compositions and concrete mix-designs were

tested (see Tables 1 and 2). The first concrete contains fly

ash (M30FA) whereas the second one is based on an ordin-

ary Portland cement (M50). The Portland cement compos-

ition was the same for all concretes. The concretes were

exposed to seawater during 19years (see Table 3 for the sea-

water chemical composition). In the numerical study, the

binders are considered to be very well hydrated. The initial

mineral composition, calculated with the hydration model

developed by Lavergne et al. [56] which is based on

research byDilnesa et al. [57], is given in Table 4.

In the simulations only fully water-saturated cementi-

tious materials are considered. The calculations were per-

formed in one dimension. A simple mesh composed of one

200-element row was used which represented 200mm of

RC structural elements (BHP2000 concretes) which are

prisms with trapezoidal section (thickness equal to 400mm

at the base and 200mm at the top. Only one measurement

by period of exposure was done. The rebar itself has not

been modelled. The volume fraction of each oxide and

hydroxide and their distribution in the thickness of the pro-

tective layer is not well documented in the literature, espe-

cially in concrete. In addition, from a numerical point of

view, modeling such a geometry can lead to serious numer-

ical problems. Finally, one objective of this paper was to

estimate the stability of each oxide and hydroxide in the

presence of chloride ions in the vicinity of the steel/concrete

interface. Thus, the choice that has been made was to add a

cell at 3 cm depth in which a small volume fraction [-] of

each oxide or hydroxides has been put (lepidocrocite,

maghemite, goethite, hematite, magnetite). Then a simula-

tion was done in order to identify the ability of each oxide

and hydroxide to dissolve. The reactive transport code

Toughreact [58] was used whereas the Thermoddem data-

base was employed for most mineral species [59].

Information on missing mineral species (C3AS0:84H4:32,

C3FS1:34H3:32, Kuzel’s salt and Akaganeite) have been

taken from other databases such as Cemdata18 [60] and

added to the database used in this work according to the

standard thermodynamic properties presented in Table 5.

Simulations have been performed for a constant temperature

(25
�

C). Data on chemical reactions and solubility products

of minerals species are provided in Table 6.

4. Numerical results

4.1. Chloride ingress

The study of the dissolution of the protective layer needs a

good estimation of the ionic species at the level of the

outer part of the reinforcement as a function of time. The

proposed reactive transport model aims at providing such

information. Figure 2 shows the calculated chloride con-

centration profiles for M30FA and M50 after 19 year-

exposure to seawater. The numerical results are compared

 Table 1. Chemical and mineralogical composition of the binder ð%Þ [55].

SiO2 Al2O3 Fe2O3 CaO MgO SO3 K2O Na2O CO2

CEMI 21.39 3.49 4.16 65.12 0.82 2.86 0.3 0.12 0.18
Fly ash 55.86 25.40 6.05 1.83 0.63 0.11 4.77 0.24 0.0

Table 2. Mix-design (kg:m�3 of concrete), along with 90 day porosity accessible to water (measured after water curing) [55].

Concrete Gravel/sand Cement Fly ash Water W/binder Porosity

M30FA 986/879 223 95 166 0.52 0.141
M50 937/806 410 0 197 0.48 0.145

Table 3. Ionic composition of seawater from Atlantic Seawater at La Rochelle (mol:l�1).

Naþ Cl– Kþ Ca2þ Mg2þ SO4
2� CO3

2�

0.459 0.546 9:71� 10�3 9:97� 10�3 5:22� 10�2 2:76� 10�2 2:029� 10�3

pH 8.1
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to experimental data (one profile for each period of expos-

ure) obtained from unreinforced concrete specimens

(M30FA and M50) exposed to seawater and wetting-dry-

ing cycles (tidal zone) in the La Rochelle harbour [67].

The contribution of free chloride concentration, chlorides

adsorbed on C-S-H, chlorides bound in Friedel’s and

Kuzel’s salt and the sum of all (total chloride) are pre-

sented. Diffusion coefficients of all ionic species in

M30FA and M50 are 6:35 10�12 and 5:55 10�12, respect-

ively. They can evolve as porosity changes (see

Equation 2).

The results show that for both M30FA and M50 the

numerical predictions of the total chloride concentration,

expressed in % by mass of concrete, are close to the

experimental data except for the first centimeter where

other phenomena are not taken into account in the simula-

tion such as wetting-drying cycles or competition between

hydration and drying at early age. The difference in results

also underlines that the two concretes behave very dis-

similar. For M50 the contribution of chlorides physically

adsorbed on C-S-H for M50 is much more important. In

contrast, chemically bound chlorides incorporated in

Friedel’s and Kuzel’s salt precipitation are less. These

results can be explained by the initial hydrated mineral

composition. The adopted modelling procedure for hydra-

tion does not predict any monosulfate for M50 (nor mono-

carbonate) which is the most important mineral that leads

to the formation of Friedel’s and Kuzel’s salt (see Table

4). Chloride adsorption on C-S-H will then occur to a

lesser extent as was already concluded in another

study [51].

Although for the two concretes studied porosity values

are very close to each other (see Table 2), chloride ingress

is found to be faster in concrete M50 as can be seen in

Figures 3 and 4 where for the two concretes the predicted

generation of mineral as a function of depth after 19 year

marine exposure are shown. The precipitation/dissolution

front is then deeper and leads to a decrease of the pH value

in the outer first centimeter due to leaching (see also

Figure 5). The decrease of the bound chloride concentra-

tion is clear and emphasizes the fact that, even in saturated

conditions, a profile with a “peak” at some distance from

the concrete surface can also be observed as suggested by

other studies [53, 68], in contrast to others, e.g. Ref. [69].

These results are analyzed in more detail in a recent paper

[67]. In particular, the study shows that the model is able

to numerically predict numerical profiles that are close to

experimental data as well as to qualitatively estimate chem-

ical and mineral zonation (magnesium, sulfur and chloride-

rich zones) as observed in experiments.

4.2. Protective layer component dissolution

The simulations have been performed for a long time of

exposure (50 years) considering a rebar depth relatively

close to the concrete surface (3 cm) in order to assure that

conditions conducive to corrosion initiation would be

achieved. Of course, according to the standards for such a

marine condition the cover depth should be more than

5 cm but this choice ensures a reduced calculation time.

Figure 5 shows the calculated profiles giving the concen-

tration as a function of depth after 50 year-exposure for

Table 4. Initial mineralogy of the hydrated ordinary Portland cement considered in the
calculations.

Volume fraction of solid (m3:m�3)

Mineral M30FA M50

C-S-H 1.6 – 5:4� 10�2

C-S-H 1.1 1:88� 10�1 1:2� 10�1

Monosulfate 2:2� 10�2
–

Ettringite 3:2� 10�2 2:9� 10�2

Portlandite – 6:8� 10�2

Monocarbonate 1:6� 10�2

Hydroandradite (C3FS1:34H3:32) 3:8� 10�3 6:5� 10�3

Gypsum – 4:4� 10�3

Calcite – 3:8� 10�3

Table 5. Standard thermodynamic properties of iron oxides/hydroxides and ionic species at 25
�

C
and 1:1013� 105 Pa:

�H0
T0

S0T0 Reference
KJ / mol J=ðmol:KÞ

Fe3þ �49.00 �278.44 [61]
Fe2þ �90.41 �107.10 [61]
H2O �285.83 69.95 [62]
Hþ 0 0 Convention
OH– �230.01 �10.71 [63]
Cl– �167.08 56.60 [62]
C3FS1:34H3:32 �4994 820 [60]
Kuzel’s salt ðCa4Al2ðSO4Þ0:5ClðOHÞ12:6H2OÞ �8472 820 [64]
Akaganeite ðFeðOHÞ2:7Cl0:3Þ �842.125 91.5 [65,66]
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total chloride, free chloride and ½Cl��=½OH�� ratio for the

two concretes. These profiles are compared to commonly

used (deterministic) chloride concentration threshold val-

ues: 0.4% by weight of binder for total chloride (equivalent

to 2.75% and 2.1% by weight of concrete for M30FA and

M50, respectively), 0:14mol:l�1 for free chloride and 0.6

for ½Cl��=½OH��: In all cases, the threshold values are

exceeded and corrosion initiation should thus

have occurred.

Figure 6 shows the evolution of the components of the

protective layer in concrete as a function of time resulting

from continuous exposure to seawater. This figure also

shows Fe-hydroxides susceptible to precipitate such as aka-

ganeite which confirms experimental observation at steel-

concrete interface [70]. The predicted results indicate that

after several years of exposure the hydroxides (maghemite

and lepidocrocite, known to be less stable than goethite,

hematite or magnetite [43]) may totally dissolve whatever

the the composition of the cement used in the concrete; both

are converted into akaganeite. Another interesting result is

the fact that in the specimen after 19 years of continuous

marine exposure no precipitation of green rusts is observed

(the different forms of green rust are not presented in Figure

6 because of the logarithm scale). These predicted results

also indicate that the denser part of the protective layer com-

posed of hematite, magnetite and goethite are thermo-

dynamically very stable.

For the two concretes these precipitation/dissolution

phenomena are accompanied by a mass increase of the

protective layer as a function of time (see Figure 7). Such a

result is confirmed by an experimental study which meas-

ures mass increase prior to pitting corrosion whereas some

Table 6. Chemical equilibrium reactions, solubility products and kinetics parameters (specific surface AS½m
2:g�1� and dissol-

ution rate k½mol:m�2:s�1�) of the oxides and hydroxides present in the protective layer of the steel and the concrete min-
eral species.

Reaction LogK As k Ref.

C-S-H 1.6 þ6:4Hþ ¼ 3:2Ca2þ þ 2H4SiO4 þ 2:6128H2O 55.94 41 2:75� 10�12 [59]
C-S-H 1.1 þ4:4Hþ ¼ 2:2Ca2þ þ 2H4SiO4 þ 0:7491H2O 33.72 41 2:75� 10�12 [59]
Monosulfate þ12Hþ ¼ 2Al3þ þ 4Ca2þ þ SO4

2� þ 18H2O 73.06 5.7 6:76� 10�12 [59]
Ettringite þ12Hþ ¼ 2Al3þ þ 6Ca2þ þ 3SO4

2� þ 38H2O 56.96 9.8 7:08� 10�13 [59]
Hydrotalcite þ14Hþ ¼ 2Al3þ þ 4Mg2þ þ 17H2O 73.73 9.8 10�9 [59]
Portlandite þ2Hþ ¼ Ca2þ þ 2H2O 22.81 16.5 2:24� 10�8 [59]
Monocarbonate þ13Hþ ¼ 2Al3þ þ HCO3

� þ 4Ca2þ þ 16:68H2O 80.54 5.7 6:76� 10�12 [59]
C3AH6 þ12Hþ ¼ 2Al3þ þ 3Ca2þ þ 12H2O 80.32 16.5 2:24� 10�10 [59]
C3FS1.34H3.32 þ10Hþ þ 5:64H2O ¼ 3Ca2þ þ 2Fe2þ þ 0:5O2ðaqÞ þ 1:34H4SiO4 42.76 9.8 7:08� 10�13 Deduced
Gypsum ¼ Ca2þ þ SO4

2� þ 2H2O �4:61 9.8 1:6� 10�3 [59]
Brucite þ2Hþ ¼ Mg2þ þ 2H2O 17.11 9.8 5:754� 10�9 [59]
Calcite þHþ ¼ HCO3

� þ Ca2þ 1.85 9.8 1:55� 10�6 [59]
Friedel’s salt þ12Hþ ¼ 2Al3þ þ 4Ca2þ þ 2Cl� þ 16H2O 74.92 5.7 6:76� 10�12 [59]
Kuzel’s salt þ12:0000Hþ ¼ 2Al3þ þ 4Ca2þ þ Cl� þ 0:5SO4

2� þ 18H2O 73.24 16.5 2:24� 10�11 Deduced

Lepidocrocite þ2Hþ ¼ 0:25O2ðaqÞ þ Fe2þ þ 1:5H2O –6.64 78 4:6� 10�9 [59]
Maghemite þ4Hþ ¼ 0:5O2ðaqÞ þ 2Fe2þ þ 2H2O –14.14 159.7? 1:15� 10�8 [59]
Goethite þ2Hþ ¼ 0:25O2ðaqÞ þ Fe2þ þ 1:5H2O –8.13 159.7 1:15� 10�8 [59]
Hematite þ4Hþ ¼ 0:5O2ðaqÞ þ 2Fe2þ þ 2H2O –17.03 159.7 2:51� 10�15 [59]
Magnetite þ6Hþ ¼ 0:5O2ðaqÞ þ 3Fe2þ þ 3H2O –6.62 231.5 1:66� 10�11 [59]
Akaganetite þ2:7Hþ ¼ Fe2þ þ 2:7H2Oþ 0:3Cl� –11.83 228 4:6� 10�9 Deduced

Reaction supposed to be instantaneous by lack of data
Greenrust (Cl) þ7Hþ ¼ Cl� þ 4Fe2þ þ 0:25O2ðaqÞ þ 7:5H2O 23.82 [59]
Greenrust (OH) þ6Hþ ¼ 0:5O2ðaqÞ þ 3Fe2þ þ 5H2O 0.19 [59]
Greenrust (CO3) þ11Hþ ¼ HCO3

� þ 6Fe2þ þ 0:5O2ðaqÞ þ 13H2O 28.34 [59]
Greenrust (SO3) þ14Hþ ¼ 8Fe2þ þ SO4

2� þ 19H2O 89.15 [59]
Greenrust (SO4) þ10Hþ ¼ 6Fe2þ þ SO4

2� þ 0:5O2ðaqÞ þ 13H2O 20.50 [59]

Figure 2. Comparison between experimental data and numerical results on total chloride concentration profile for M30FA (left)
and M50 (right) [% by mass of concrete] after 19 year-exposure. Numerical total chloride is the sum of free chloride, chloride
adsorbed on C-S-H and chloride that have reacted to form Friedel’s and Kuzel’s salts.
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measured electrochemical parameters measured (OCP,

impedance and phase angle) indicate stable passivity [15],

suggesting that passivity is mainly controlled by the inner

layer of oxides. In the present study, the increase in mass is

exclusively due to precipitation of akaganeite. The main

difference in behavior between the two concretes is the

precipitation rate of akaganeite which is faster for M30FA

due to a greater decrease of the pH value close to the

exposed surface (see Figure 5).

5. Discussion

This work confirms that other phenomena than dissolution

need to occur in order to break down the protective layer

whatever the time of exposure. One mechanism in which

dissolution of Fe-hydroxides may lead to corrosion initi-

ation is given by Fe-hydroxides which are in direct phys-

ical contact with the “healthy” steel. Such a mechanism is

possible if cracks appear in the inner denser part of the

protective layer and if hydroxides precipitate in the cracks.

Figure 3. Dissolution and precipitation of mineral species resulting from exposure to seawater for M30FA [% by mass of con-
crete] after 19 and 50 year-exposure.

Figure 4. Dissolution and precipitation of mineral species resulting from exposure to seawater for M50 [% by mass of concrete]
after 19 and 50 year-exposure.

Figure 5. Comparison between chloride threshold values (total chloride, free chloride and ½Cl��=½OH�� ratio) and chloride profiles
for M30FA (left) and M50 (right) after 50 year-exposure.
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This can be observed when the denser part of the protect-

ive layer cracks after factory manufacture process and

when lepidocrocite precipitates in this cracks due to

atmospheric corrosion prior to casting.

When cracks or micro-cracks appear during handling

prior to embedment in concrete (e.g. transport, storage or

embedment setup), different corrosion products can be

observed depending on the rebar conditions of exposure.

Carbon steel exposed to natural weathering (atmophere)

implies the precipitation of lepidocrocite, mainly, and

goethite and magnetite but in lower concentrations [71].

In that case, depassivation can occur as is indicated in

Figure 6. In particular, lepidocrocite can dissolve and aka-

ganeite can precipitate, the latter one being observe during

corrosion in the inner part of the corrosion layer, near the

metal-oxide interface (Ref. [72] to cite one of many

works). Figure 6 shows also the time for which the dissol-

ution of lepidocrocite is completed. This time may be

identified to an induction period before corrosion starts as

suggested by other authors [15].

When for steel embedded in concrete cracks appear in

the protective layer in concrete, phenomena are quite dif-

ferent and conclusions are difficult to drawn because

experimental data on depassivation conditions in concrete

are missing. Many electrochemical studies have been per-

formed with steel immersed in saturated calcium hydrox-

ide solutions [73–76]. Most of the corrosion products

found are magnetite [31], however the use of saturated

calcium hydroxides solution does not seem to be relevant

to investigate the formation and dissolution of the passive

films as the pore solutions contains a variety of ions

depending on the binder type, e.g. sodium, potassium,

hydroxides and sulfate ions [13–15, 77]. Gui and Devine

[77] have shown by observations with Raman

spectroscopy that the structure and nature of the passive

film are influenced by the sulfate anions contained in the

pore solution. Veleva et al. [13, 78], Montemor et al. [79]

and Ghods et al. [14] demonstrated by electrochemical

measurements and SEM analysis or X ray photoelectron

spectroscopy the dissimilarities between films grown in

different solutions. Ghods [14] studied the quality of the

passive film also with steel immersed in saturated calcium

hydroxide solutions containing different amounts of

NaOH, KOH and CaðSO4Þ for simulating a concrete pore

environment: the various ion concentrations imply differ-

ences during the formation and dissolution of oxides and

hydroxides. In particular it has been observed by electro-

chemical measurement that sulfate anions have a negative

effect on the protective properties of the passive layer.

The SEM observations have identified cracks and voids

over the surface of the rebar showing a distribution

dependent on the amount of ions. Nevertheless, experi-

mental data on depassivation conditions in concrete are

missing due to the difficulty to observe such a phenom-

enon and further study are thus required.

6. Conclusions

In this study the critical chloride threshold concentration

leading to initiation of reinforcement corrosion in con-

crete exposed to seawater has been put under discussion.

Indeed, such a concept assumes that degradation of the

protective layer is independent of geometrical factors

related to protective layer thickness that aggressive ionic

species should pass through. Indeed, in such a case and if

chloride ions are able to pass through the protective layer,

the chloride concentration in the vicinity of the protective

layer should evolve during ingress of chloride through

Figure 6. Protective layer component evolution (logarithmic scale) as a function of time for M30FA (left) and M50 (right).

Figure 7. Percentage of relative volume increase of corrosion products as a function of time for M30FA (left) and M50 (right).
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the protective layer leading to significant scatter in critical

chloride concentration when first signs of corrosion are

observed. This concept also assumes that the degradation

will be independent of cracks in the protective layer

which could occur at any time. Cracking would also lead

to scatter in the critical chloride concentration. The con-

cept of a critical chloride concentration is then related to

the dissolution conditions of the external protective layer

components composed of maghemite and lepidocrocite

and the internal, denser part of the protective layer com-

posed of magnetite, goethite, and hematite.

A reactive transport model previously validated for con-

cretes exposed to chloride and seawater has been used in

order to examine the conditions for the dissolution of the

Fe-oxides and hydroxides present in the protective layer

covering a steel rebar. This model includes chemical reac-

tions taking into account the kinetics of most of concrete

mineral species [57, 60] (C-S-H1.6, C-S-H1.1,

Monosulfate, Ettringite, Portlandite, Monocarbonate,

C3FS1:34H3:32, Gypsum) and mineral species that may pre-

cipitate (Brucite, Calcite, Friedel’s, and Kuzel’s salt). It

takes also into account adsorption of ionic species on C-

S-H.

The results show that in the case of the two types of

concretes selected:

� All Fe-oxides present in the inner part of the pro-

tective layer are thermodynamically stable even

after 50 years of exposure;

� Lepidocrocite and maghemite are able to dissolve

in the presence of seawater in the case of satu-

rated concretes which leads to akaganeite

precipitation;

� No green rust precipitates whereas this corrosion

product can be observed on steel immersed in

seawater [47].

These findings imply that, for the two studied con-

cretes, the degradation process of the protective layer,

implying dissolution of its two layers (oxides and hydrox-

ides), cannot be explained by the dissolution of the Fe-

hydroxides alone neither by the chemistry of the concrete

pore solution in the vicinity of the steel/concrete interface.

Other phenomena such as diffusion of aggressive agents

through the protective layer or diffusion of Fe2þ-ions

from the reinforcement as well as cracks in the protective

layer are necessary. In this case, the thickness of the pro-

tective layer or even its nature and mechanical history are

essential elements to predict the conditions for its degrad-

ation. Then, the concept of critical chloride thresholds

from concentration measurements in concrete seems not

to be sufficient since the degradation depends on geomet-

rical factors as well as mechanical stress which leads to

significant scatter in the critical chloride concentration.

Of course, prediction of time to corrosion remains and

is still a subject of debate in the literature. Thus, the differ-

ent scenarios considered in the literature review of the pre-

sent paper should be treated more deeply (presence of

defects, diffusion through the protective layer, electro-

chemical migration… ) in order to try to express time to

corrosion as a function of protective layer thickness, manu-

facturing process, mechanical history, electro-chemical

conditions and not only as a function of chemical

dissolution.
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