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Technical University of Denmark, Kgs. Lyngby, DK-2800, Denmark
“Norwegian University of Science and Technology, Trondheim, NO-7491, Norway
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Abstract

In this paper, a cross disciplinary modelling framework is presented that combines physical, chemical,
electrochemical, and fracture mechanical processes on different length and time scales in reinforced
concrete. The theoretical background and application of finite element method (FEM) based models
are sketched to describe (i) transport of heat and matter in porous media as well as phase assemblage
in hardened Portland cement, (ii) corrosion of reinforcement, and (iii) material performance including
corrosion-induced damages on the meso and macro scale. The presented modelling framework is fully
coupled, i.e. information, such as temperature and moisture distribution, phase assemblage, corrosion
current density, damage state of concrete cover, etc., are continuously exchanged between the models.
Although not explicitly outlined in this paper, such an analysis may be further integrated within
structural performance modelling and a full life cycle assessment to support comprehensive decision-
making in order to minimize environmental, social, and economic impacts associated with the
decades-long service life of reinforced concrete elements and structures.

Keywords: Service life modelling, concrete deterioration, multi-scale, multi-physics

1 Introduction

Deterioration of civil infrastructure (bridges, tunnels, roads, and buildings) together with increasing
loads (e.g. traffic load and intensity) present major challenges to society in most developed countries.
A major part of the infrastructure is built from concrete and costs for maintenance, renovation, and
renewing are growing and by now taking up a major part of infrastructure investments. While
engineering tools and methods are well developed for the structural design of new structures, tools for
assessing current and predicting the future condition of reinforced concrete structures are less
advanced. Existing prediction tools are largely empirical, and thus limited in their ability to predict the
performance of new materials, structural, or maintenance solutions. As such, the inability to reliably
assess the long-term future ramifications of today’s design decisions poses a major obstacle for the
design of reinforced concrete structures. A primary reason for the lack of reliable modelling tools is
that deterioration mechanisms are highly complex, involve numerous coupled phenomena that must be
evaluated across a range of scales, and often cut across several academic disciplines.

In this paper, a cross disciplinary modelling framework is outlined that combines physical,
chemical, electrochemical, and fracture mechanical processes on different time and length scales in
reinforced concrete. The theoretical background and application of finite element method (FEM)
based models are sketched in this paper to describe (i) transport of heat and matter and chemical
processes resulting in changes in phase assemblage in hydrated Portland cement, (ii) electrochemical
processes at the reinforcement surface, and (iii) material performance including corrosion-induced
damages on the meso and macro scale. Fully coupled transport of heat, matter, and ions as well as
thermodynamic principles for phase changes in hydrated Portland cement are outlined in a transport
and chemical module. The introduced deterioration module is based on stringent physical laws



describing thermodynamics and kinetics of electrochemical processes including various reinforcement
corrosion phenomena, such as activation, resistance, and concentration polarisation as well as the
impact of temperature, relative humidity, and oxygen. Corrosion-induced damages are described in a
mechanical performance module, which utilizes a thermal analogy to model the expansive nature of
solid corrosion products. The mechanical performance model, furthermore, accounts for the
penetration of solid corrosion products into the available pore space of the surrounding cementitious
material as well as non-uniform distribution of corrosion products along the circumference of the
reinforcement. The modelling framework presented is fully coupled, i.e. information, such as phase
assemblage, moisture distribution, corrosion rate, damage state of concrete cover, etc., are constantly
exchanged between the modules.

2 Multi-physics and multi-scale modelling approach

To enable realistic and reliable long-term performance predictions as well as assessment of reinforced
concrete structures, a multi-physics and multi-scale modelling framework is outlined, which is based
on fundamental, science-based performance models describing various deterioration phenomena on
different length scales. The basic concept of the multi-physics and multi-scale modelling framework is
presented in Fig. 1. Fundamental, science-based models employed in the modelling framework deal
with transport phenomena (moisture, temperature, oxygen, etc.) and phase changes in cementitious
materials, electrochemistry (reinforcement corrosion), and fracture mechanics on various length and
time scales. These individual science-based models, describing actual physical phenomena, are
organized in groups, so-called modules in the modelling framework. To establish a link between the
individual modules an interface module is required that allows for passing of information from one
module to another, thereby bridging various length and time scales and allowing for concurrent
performance simulations of reinforced concrete structures. The interface module may thereby be based
on information-passing multi-scale (IPM) methods, thermodynamically constrained internal state
variables (ISV), or local enrichment based concurrent multi-scale (LECM) methods to bridge time and
length scales of the individual models describing actual deterioration phenomena in reinforced
concrete. Ultimately, the interface module may be built in a standardized manner to allow for future
extensions, e.g. inclusion of additional deterioration mechanisms such as freeze thaw, alkali silica
reaction, of the outlined multi-physics and multi-scale modelling framework. Integration of a
standardized interface module within the modelling framework will furthermore allow for adaptation
of level of detailing relevant for individual cases as well as enable continuously updating based on
new knowledge and to identify further research needs. In the following sections of this paper, the
theoretical background of the individual modules, i.e. the full coupling of physical and chemical
processes, mechanical performance, and electrochemical processes on the material scale, of the
modelling framework is outlined, see Fig. 2. Results of such coupled transport, chemical, and
electrochemical processes may be further used for the evaluation of structural performance as well as
sustainability of reinforced concrete structures.
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Fig. 1 Basic concept of the proposed multi-physical and multi-scale modelling framework.



Mechanical Performance Module (Michel & al. 2014, Deterioration Module
Solgaard, Michel & Stang 2013, Michel & al. 2010) (Michel & al. 2012, Michel & al. 2013)
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Fig. 2 Relation between mechanical performance, deterioration, and transport and chemical module within the
multi-physics and multi-scale to assess deterioration in reinforced concrete structures.




3 Modelling heat, moisture, and ion transport

3.1 Coupled heat and moisture transport in porous media

Coupled heat and moisture transport in porous media, such as concrete, may be described by Richard’s
equation (see e.g., (Philip & de Vries 1957, Dullien 1979, Bear & Bachmat 1991)), assuming that
contributions due to air transfer, gravity, radiation, liquid transport due to temperature gradients, and
effects of the gaseous phase on the moisture and heat storage are negligible as well as temperatures
remain below the boiling temperature of water (Janssen, Blocken & Carmeliet 2007)

¢ V(krrVT + krpcVpC)

pL——= T.T TpcYD

dat (1)
00, op. apC
dp.apC ~ P¢ ot

where p is the mass density of concrete, C the specific heat capacity of concrete, T the
temperature, t the time, pC the logarithm of the capillary pressure, 6, the moisture content, p. the
capillary pressure, C,c the moisture capacity and k transport coefficients for the heat, T, and moisture
transfer, pC, respectively.

For the solution of the coupled partial differential equations (Eq. 1), material specific
information on the various transport coefficients (k), capillary pressure curve (6,c) describing the
moisture storage, and boundary conditions are needed. The various transport coefficients of Eq. 1 may
be described as follows

= V(kpcpcVpC + kperVT)
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where 4 is the thermal conductivity, I, the specific latent heat of evaporation, D,(6)) the moisture
dependent vapour diffusion coefficient, R, the gas constant of water vapour, p, s the saturation vapour
pressure, p, the density of water, ¢ the relative humidity and K@) the liquid conductivity coefficient.

The moisture dependent vapour diffusion coefficient, D,(@), and the liquid conductivity
coefficient, K,,), may be described through a mechanistic modelling approach, see e.g., (Scheffler
2009, Scheffler & Plagge 2010). This mechanistic modelling approach considers thereby the
microstructure of the porous media. A more thorough description of the mechanistic modelling
approach can be found in Scheffler (2009) and Scheffler & Plagge (2010). To describe the moisture
storage behaviour of porous media, a bimodal function of van Genuchten type may be used, see e.g.,
(Carmeliet & Roels 2002), which can be given as follows

0, ®3)

P -
e = Pewr LT (aprom

where 6, is the capillary moisture content, a;, n;, and m; are shape parameters and |; a weighting
factor.



3.2 Multi-ion transport in porous media

The transport of ions in porous media is mainly governed by three different transport phenomena, i.e.
diffusion, migration, and convection. Nernst-Planck equation allows for the description of multi-ion
transport in porous media taking into account these transport phenomena and may be given as follows
% = V(DiVCi + Zium_iFCiVE - CiU) (4)
where the left hand term of the equation describes the change of concentration of ions considered
over time, i.e. the total flux of ions. While the first term on the right hand side accounts for the
diffusion of the considered ions, the second and third term describe the movement of ions due to
migration, i.e. under the influence of electrostatic potentials, and convection, respectively. In the
equation, ¢; is the ionic concentration, D; the ionic diffusion coefficient, z; the charge number of the
ionic species, up; the ionic mobility, F Faraday’s constant, E the electrostatic potential and v the
velocity of the solvent. To account for the impact of moisture on the diffusion of ions the relation
proposed in Buchwald (2000) may be used

D(S) = DPS,E ©)

where D/ is the free ionic diffusion coefficient in bulk water, S, the degree of saturation and & a
model parameter. Binding of ions, in particular chloride binding in hardened Portland cement paste is
dealt with in the next section (3.3) of this paper.

3.3 Phase assemblage in hydrated Portland cement

lons are known to be physically adsorbed and/or chemically bound in porous media, such as concrete,
commonly referred to as binding. The bound ions will not participate further in the ingress. With
respect to reinforcement corrosion, especially the binding process of chloride ions is of interest as only
free chloride ions may initiate reinforcement corrosion. While physical adsorption takes place at pore
walls, see e.g., (Nilsson & al. 1996, Xi & Bazant 1999), mainly Friedel’s salt is formed with solid
cement hydration products during chemical binding, see e.g., (Nilsson & al. 1996, Birnin-Yauri &
Glasser 1998, Xi & Bazant 1999). Chloride binding processes may be described by means of binding
isotherms, see e.g., (Luping et al. 1993, Justnes 1998) through an apparent diffusion coefficient for
chloride ions, see e.g., (Saetta, Scotta & Vitaliani 1993, Caré 2008, Bastidas-Arteaga & al. 2011).

Chloride binding in hydrated Portland cement may also be described through a thermodynamic
model for the phase equilibria based on the application of the phase rule as proposed in Nielsen (2004)
and Geiker, Nielsen & Herfort (2007). Calculations assume thermodynamically stable or metastable
equilibrium at constant temperature and pressure, and therefore strict observance with the phase rule.
The overall reaction scheme for chloride binding in hydrated Portland cement considering the total
content of alkalis is given by Eq. 6 to 10, after Nielsen (2004) and Geiker, Nielsen & Herfort (2007).

Chloride binding in Portland cement pastes in which Na is still present in the C-S-H and no AFm
(alumina, ferric oxide, monosulfate) phases other than monocarbonate are present may be described as
follows

b-[C3A- CaCO; - 11H,0](s) + a - [1.75Ca0 - Si0, - @NaOH - 4H,0] 5, +

((K +1)-y-a+b -x)CaClz(aq) +2:0.83 K-y -aNaOHgq) -

2-k-y-aNaClyq + a[1.75Ca0 - Si0, - (w — 0.34 - k- y)NaOH - yCaCl, - 4H,0]s) +
K-y - aCa(OH)y, + b [C3A - CaCly g, - CaCOzy,_ - 11H20]( +b - x CaCOyy,

s)

(6)

Chloride binding in Portland cement pastes in which Na is still present in the C-S-H and other
AFm phases than monocarbonate are present may be described as follows



b-[CsA - CaCOs - 11H,0](5) + a - [1.75Ca0 - SiO; - @NaOH - 4H,0] 5, +
(k+1)-y-a+b -x)CaClZ(aq) +2-0.83 K-y -aNaOH 4gq) —

2Ky aNaClyg) + al[1.75Ca0 - Si0, - (w — 0.34 - k - y)NaOH - yCaCl, - 4H,0]5) +
K-y - aCa(OH)z, + (b + bx) [(33,4 - CaCly g, - CaCOy(,_, - 11H20](S)

()

Chloride binding in Portland cement pastes with alkali-free C-S-H may be described as follows
|34~ cacly,, - CaCOs_,, - 11H20](5) +(b-x+y-a)CaCly,, +
-[1.75Ca0 - Si0; - (w/0.34 - k)CaCl, - 4H,0] (5 — (8)
dl
dl

Q Q

(1.75 = y)Ca0 - Si0y - (w/(0.34 - k) + y)CaCl, - (4 — y)H,0] () + ¥ - aCa(OH)z(S) +
C3A : CaClz(m+x) : CaCO3(1_m_x) : 11H20](S) + b : xcaCO3(5)

(e

where a is the content of C-S-H, b the initial content of monocarbonate, « the molar ratio of
NaOH between chloride-free C-S-H and C-S-H, m the fraction of Friedel’s salt in the solid solution
phase at the chloride content where all alkalis have been released to the pore solution from the C-S-H,
x the fraction of Friedel’s salt in the AFm solid solution phase, y the content of CaCl, in the C-S-H, the
relation between y and x may be described as follows

y = 0.0601x% + 0.0164x for white Portland cement 9)
y = 0.0376x% + 0.0064x for gray Portland cement

And « is defined as

k = w(PS/a) 0.2354 (10)

where PS is the amount of solution in millilitre.

3.4 Influence of temperature and chloride on the transport of heat and matter in porous media

Transport of moisture due to temperature gradients, also referred to as thermo diffusion, is commonly
neglected, as the contribution to the total moisture transport is insignificant, see e.g., (Janssen, Blocken
& Carmeliet 2007). The effect of temperature on the moisture state, however, should not be neglected.
Furthermore, the impact of ion containing solutions on the vapour pressure should be taken into
account. Experimental studies on the effects of temperature and chloride ions on the moisture state can
be found in e.g., (Hundt & Kantelberg 1978, Bonnet 1997, Radjy, Sellevold & Hansen 2003, Ishida,
Maekawa & Kishi 2007, Koniorczyk & Wojciechowski 2009). In general, the impact of temperature
and chloride ions on the moisture state of porous media may be accounted for extending the state
equation of the moisture storage as follows
Pc = (pv - Apv,cl) —p—Apr = epc(gl: Ccl:T) (11)
where p, is the pressure of the water vapour phase, 4p, . is the change in vapour pressure due the
presence of chloride ions, p, the pressure of the liquid water phase, Ap+ is the change in pressure due to
temperature variations, and 6,¢(6,,cq,T) is the capillary pressure curve as a function of the moisture
content, 6, temperature, T, and chloride concentration, c.

Since models based on stringent theories that are capable of accounting for the impact of
temperature and chloride ions on the moisture state of porous media are not available in the literature,
experimental data may be initially used to describe the moisture state in porous media as a function of
the moisture content, 6, temperature, T, and chloride concentration, cy. Selected results of
experimental studies on changes in the capillary pressure due to varying concentrations of chloride
ions and temperature presented in Baroghel-Bouny & Wang (2011) and Hundt & Kantelberg (1978)
are illustrated in Fig. 3. With respect to varying temperature, it can be observed that as temperature is
increasing, the moisture content is decreasing in the hygroscopic range. On the contrary to the impact
of temperature on the moisture state, it is observed that with increasing chloride concentrations
increasing degrees of saturation are obtained at lower relative humidities.



Resulting moisture storage and transport properties with respect to coupled heat, mass, and
multi-ion transport are presented in Fig. 4 for selected temperatures and chloride concentrations. The
plots highlight the impact of varying capillary pressure, chloride concentrations, and temperature on
the moisture content, moisture capacity, and conductivity. With increasing temperature the moisture
content at equilibrium is decreasing as shown in Fig. 3. As the relative conductivity is dependent on
microstructure of the porous media, the shape of the moisture storage function, see (Scheffler 2009,
Scheffler & Plagge 2010) and subsequently the conductivity is also affected by temperature variations
as illustrated in Fig. 4 (d). Fig. 4 also illustrates the impact of chlorides on the moisture storage and
transport behaviour. As mentioned earlier and presented in Fig. 3, the vapour pressure above an ion
containing solution is lower than in a solution containing no ions, which affects the moisture storage
behaviour as presented Fig. 4 (a) and (b) and, similar to varying temperatures, alters the moisture
transport properties, as illustrated in Fig. 4 (d).
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Fig. 3 Left: moisture storage for concrete at various temperatures (experimental data reproduced from Hundt &

Kantelberg (1978)). Right: moisture storage of mortar specimens for varying sodium chloride concentrations
(experimental data reproduced from Baroghel-Bouny & Wang (2011)).
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Fig. 4 (a) and (b) moisture storage behaviour, (c) moisture capacity, and (d) moisture conductivity of porous
media as a function of capillary pressure and for selected temperatures and chloride concentrations (present in
pore solution).



4 Modelling reinforcement corrosion

Corrosion of steel in concrete can be described by the same electrochemical processes as the corrosion
of a metal in an electrolyte (SchieBl 1988). An overview of fundamental electrochemical and physical
processes describing the corrosion of steel in concrete is given in Fig. 5 as proposed in Kiter (2009).
Two electrochemical half-cell reactions must take place at the metal surface for corrosion to occur, the
anodic (oxidation) and the cathodic (reduction) half-cell reaction. The anodic half-cell reaction is
characterised by liberating electrons, which are consumed in the cathodic half-cell reaction. The
electrons liberated at the anode are conducted through the metal to the cathode and the electrical
circuit is then closed by an ionic exchange current through the concrete. Typical anodic reactions, such
as the oxidation of iron are given in Eq. 12, while common cathodic reactions, such as e.g. the
reduction of oxygen are presented in Eq. 13, see e.g., (Kiter 2009).

Fe - Fe?* + 2e~

12)
2Fe + 3H,0 — Fe,05 + 6H* + 6e~

0, +4H* + 4e~ - 2H,0
Fe,0; + 6H* + 6e~ — 2Fe?* + 3H,0 (13)
0, + 2H,0 + 4e~ - 40H"
However, depending on the potential and pH at the steel surface, other cathodic reactions, such
as the reduction of hydrogen or water, may take place. A detailed overview of thermodynamically
feasible anodic and cathodic reactions associated with reinforcement corrosion can be found in e.g.

(Kater 2009). Hence, for a thorough description of the reinforcement corrosion process,
thermodynamics and kinetics must be considered.
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Fig. 5 Overview of electrochemical and physical processes describing corrosion of steel in concrete, from Kuter
(2009).

4.1 Corrosion potential and corrosion current density distribution

In principle, two physical laws may be used to describe the electrochemical processes in the concrete
pore solution acting as electrolyte (Warkus, Raupach & Gulikers 2006). The first one is Laplace’s
equation, which describes the potential distribution in an electrolyte assuming electrical charge
conservation and isotropic conductivity.

VZE =0 (14)
The second is Ohm’s law, which may be used to determine the rate of dissolution of iron at any

point on the steel surface in concrete if the potential distribution around that point and the resistivity of
the electrolyte is known (Isgor & Razagpur 2006).
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where peonc IS the concrete resistivity and n the equipotential.

leorr =

4.2 Thermodynamics of reinforcement corrosion

Among others, thermodynamics provide the possibility to investigate and assess the likelihood of
reactions (in the case of reinforcement corrosion: anodic and cathodic half-cell reactions) to occur
under certain conditions. To describe the equilibrium potentials, E,, of thermodynamically feasible
half-cell reactions for the corrosion process, Nernst equation can be used, which may be written as
follows (Perez 2004)

RT a
Ep = EQ — — In | —e2/0x (16)
zF an/Red

where E; is the standard equilibrium potential, R the gas constant, and areqi0x the chemical
activity of the reductant and oxidant, respectively.

Nernst equation may be further used to construct pH - potential diagrams, or more frequently
called Pourbaix diagrams, providing a graphical overview of thermodynamically favoured reactions
(i.e. reactions with a negative free enthalpy) as a function of the pH and the half-cell potential. The
Pourbaix diagram for iron in chloride ion containing water (commonly used to investigate corrosion
reactions of steel in concrete (Kiter 2009)) is illustrated in Fig. 6. In combination with the information
from the transport and chemical module (i.e. transport of ions and phase assemblage), the pH in the
concrete pore solution can be determined. Along with the electric potential, determined from Laplace
equation, thermodynamically feasible anodic and cathodic reactions can then be selected when
modelling reinforcement corrosion processes. For example, in case of carbonation-induced
reinforcement corrosion, a considerable pH drop is observed as a result of carbon dioxide ingress. The
pH in a carbonated concrete is around 8, and the anodic half-cell potential is around -0.2 Vspe. Under
these conditions, thermodynamically feasible reactions are the oxidation of iron and reduction of
oxygen, respectively, see Fig. 6 for comparison.

Fe — Fe?t + 2e~
0, +4H* + 4e~ - 2H,0

In a similar fashion, thermodynamically feasible reactions depending on the pH and half-cell
potential in the vicinity of the reinforcement surface can be selected and adjusted when modelling
corrosion processes in case of chloride-induced reinforcement corrosion.

(17)
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Fig. 6 Pourbaix diagram for Fe-Cl-H,O system at 25°C, with an Fe ion activity of 10° mol/L and ClI
concentration of 0.035 mg/L, after [Kiiter 2009].



4.3 Kinetics of reinforcement corrosion

Although thermodynamics provide means to assess the possibility of corrosion reactions to occur
under various conditions, no information on the rate of these reactions is obtained. Therefore, the
kinetics of electrochemical reactions must be considered to fully assess the corrosion mechanism.
Once corrosion is initiated, the potentials of the half-cell reactions on the steel surface are shifted from
their equilibrium potentials and a (corrosion) current will start to flow. The shift from the equilibrium
potential is known as polarisation and the kinetics of the electrochemical half-cell reactions are
governed by the degree of polarisation. A measure for the polarisation is the overpotential, #, which is
the difference between the half-cell potential, E,, and the equilibrium potential, Egqq.. Information on
the polarisation of electrodes (anode and cathode) can be summarised in so-called Evan’s diagrams
relating the half-cell potential to the corrosion current. The Evan’s diagram for the anodic and cathodic
half-cell reactions assuming the formation of Fe?* at the anode and OH" at the cathode is given in Fig.
7. The corrosion potential (also referred to as mixed potential), Ecr, and the corrosion current density,
icorr, Can be determined from the intersection of the anodic and the cathodic polarisation curve.

Depending on the mechanism, four types of polarisation acting individually or in combination
may be distinguished; namely, activation, concentration, resistance, and crystallisation polarisation
(Shreir 1994). With respect to reinforcement corrosion, crystallisation polarisation can be neglected
and only the effects of activation, concentration, and resistance polarisation may be taken into account,
sees e.g., (Fontana & Greene 1978, Bardal 2004).

For activation polarisation, the relation between the corrosion current and the half-cell potential
may be described by the Butler-Volmer equation as follows (assuming that the electrochemical
reactions take place at separate electrodes and the polarisation is high) (Stern & Geary 1957)

E—E
i = igexp(¥) with W = In(10)— 0 (18)
T
where i is the corrosion current density, i, the exchange current density, and by the Tafel
constant, which is defined as follows

_ RT (19)
by = In(10) oF

where a is the symmetry factor. To include the effects of concentration polarisation on the
relation between the half-cell potential and the corrosion current density, Eq. 18 may be extended and
written as follows (B6hni 2005)

1-y
i =i - - (20)
P loexP (1 + o /i“mly>

where iy, is the limiting corrosion current density, which may be defined as follows (Bardal
2004)

) zF Dy,
lLiim = Tcoz (1)

where Do, is the oxygen diffusion coefficient, co, the oxygen concentration at the electrode
surface and ¢ the diffusion layer thickness.

A number of factors influence the shape of the polarisation curve, which in turn governs the
kinetics of the corrosion process. Among others, the surface state of the electrode, temperature,
moisture content, and geometry are decisive for the overpotential at the anode and cathode (Bardal
2004). For example, the temperature, moisture content, and geometry are important parameters for
diffusion-controlled corrosion. A high moisture content considerably hinders the oxygen transport
from the concrete surface to the electrode. This may lead to a depletion of oxygen at the cathode
ceasing the cathodic half-cell reaction (assuming reduction of oxygen as governing half-cell reaction)
and subsequently the corrosion process itself. Furthermore, several electrochemical parameters, such
as the exchange current density or the equilibrium potential are influenced by temperature (see e.g.,
Eq. 16 and 19). This highlights the importance of a fully coupled modelling framework, i.e. coupling



between mass and heat transport, phase assemblage, and kinetics and thermodynamics of
reinforcement corrosion, for a reliable and realistic assessment as well as long term prediction of the
performance of reinforced concrete structures with respect to corrosion.
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Fig. 7 Evan’s diagram illustrating the anodic and cathodic polarisation on the steel surface, after (Martin-Pérez
1999).

4.4 Initiation of reinforcement corrosion

To link corrosion initiation, i.e. the formation of anodic regions at the reinforcement surface, and
propagation of reinforcement corrosion a conditional statement may be defined along the
reinforcement surface. In case of chloride-induced corrosion, the conditional statement may comprise
the definition of a critical chloride threshold for elements along the reinforcement surface, which
might be defined as follows

i Cel = Cepi
BCstoo = {_a for cl crit (22)
le Cet < Cerit

where BCsq IS the boundary condition along the steel surface, i, the anodic polarisation curve
(see Eqg. 18), i, the cathodic polarisation curve (see Eg. 20), ¢ the chloride concentration along the
reinforcement, and c;; the critical chloride threshold defined along the reinforcement. Within the
literature, varying critical chloride threshold values can be found, ranging from 0 to approximately 2%
of weight cement (Angst & al. 2009). Among others, the critical chloride threshold is influenced by
defects present along the reinforcement (Buenfeld & al. 2004, Nygaard & Geiker 2005), material
properties, length of reinforcement, and exposure conditions (fib 1992) as well as the electrochemical
potential (Angst & al. 2009). As an approximation, the critical chloride threshold may be varied
randomly along the reinforcement surface, ranging from 0 to 2% of weight cement, to account for the
influence of various parameters and represent a realistic reinforced concrete structure with defects,
voids, etc. present at the concrete steel interface. A similar conditional statement for elements along
the steel surface may be derived in case of carbonation-induced corrosion.

5 Modelling corrosion-induced concrete damage

Once corrosion is initiated, electrochemical half-cell reactions are taking place along the
reinforcement, see Section 4.2. The ionic reaction products of these half-cell reactions may further
react and form solid corrosion products in the vicinity of the reinforcement. The type of corrosion
products formed; depend on the thermodynamic conditions present in the vicinity of the reinforcement
(Kater 2009). Apart from solid corrosion products, soluble iron-chloride complexes (also referred to as
green rust) may form in an oxygen-deprived environment in which chlorides are present (Koleva & al.
2006, Kuter 2009). Such soluble iron-chloride complexes may not necessarily form in the vicinity of
the reinforcement surface, as shown e.g. in Kuter (2009).

Independent of the type of iron oxides formed as a result of active corrosion, the iron oxides
occupy a larger volume than the initial iron that is consumed during the corrosion reaction, see e.g.,



(Alonso & al., 1998, Marcotte & Hansson 2007). The increased volume of corrosion products causes
tensile stresses in the surrounding concrete and may lead to concrete cracking, spalling, or
delamination if the tensile strength of the concrete is exceeded.

5.1 Modelling approach

A thermal analogy may be used to model corrosion-induced concrete damage due to the expansive
nature of solid corrosion products. Assuming uniform distribution of corrosion along the
reinforcement, the model may be formulated as a 2D plain strain problem. Corrosion-induced damage
may then be described through a discrete cracking approach in which the tension softening behaviour
of concrete can be approximated through multi-linear softening relations, see e.g., (Skocek & Stang
2008). Basic geometrical considerations, assumed crack propagation, and methodology of load
application to simulate corrosion-induced damage in reinforced concrete by means of such a thermal

analogy are illustrated in Fig.8 and 9.

For the determination of the corroded reinforcement section, Faraday’s law may be used relating
the thickness reduction per time unit to the corrosion current density (predicted by the deterioration

module).

X() =

M,
Fprpe
0

t

[ fcorr 01

(23)

where X(t) is the cross sectional reduction of the reinforcement as a function of time, t, Mg, the
molar mass of iron, and pg. the density of iron. Assuming a constant coefficient of thermal expansion,
a, the applied temperature increment, AT, represents then the type of solid corrosion product (see Fig.
7). Assuming further isotropic material properties of the corrosion products, the linear expansion
coefficient may be obtained as one third of the volume expansion coefficient.
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Fig. 8 Load application and geometrical
considerations to simulate corrosion-induced
concrete cracking, from Michel & al (2010).

5.2 Penetration of corrosion products
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Fig. 9 Assumed crack propagation to simulate corrosion-
induced concrete cover cracking, from Michel & al. (2010).

The penetration of corrosion products has a major influence on the predicted time-to-crack initiation
and crack propagation; see e.g., (Liu & Weyers 1998, Val, Chernin & Stewart 2009). The corrosion

accommodation region, CAR, also referred to as “diffusion” or “porous” zone, describes a region of

concrete around the reinforcement, which can accommodate expansive corrosion products delaying
stress development in the concrete. The accommodation of corrosion products in the CAR may be
accounted for by an adjusted temperature increment, ATcar (see Fig. 8) as follows

ATcar = AcarAT

(24)

where Acar describes the penetration of corrosion products into the accessible space of the
cementitious matrix, Vcar. Based on experimental observations presented in Michel & al. (2011) and
Michel & al. (2014), a conceptual schematic to include the penetration of solid corrosion products in
the simulation of corrosion-induced concrete damage is shown in Fig. 10. The concept assumes that an




initial corrosion accommodating region (CAR) around the reinforcement exists, denoted CAR,, which
delays stress formation while filling with solid corrosion products. Once this initial CAR is filled with
corrosion products, tensile stresses in the surrounding cementitious material will increase and
potentially lead to the formation of micro-cracks. These micro-cracks allow solid corrosion products to
penetrate additional pore spaces and further delay corrosion-induced stresses. At some point a
maximum size of the CAR, denoted as CARwax, is reached. No corrosion products can penetrate the
matrix of the cementitious material beyond that point and all additionally formed corrosion products
will introduce tensile stresses and potentially lead to the formation of a macro-crack. Acar describing
the penetration of corrosion products into the accessible space of the cementitious matrix may thereby
be approximated as follows

V n
P ( P ) o Vep <Vear (25)
CAR VCAR ch > VCAR
1

where V, is the volume of corrosion products and n a non-physical fitting parameter. More
detailed information on the mathematical description of the penetration of corrosion products into the
accessible pore space of cementitious materials can be found in Mlchel & al. (2013).
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(c)"
Fig. 10 Conceptual schematic to describe the penetration of solid corrosion products, where (a) shows the
initial CAR,, (b) the increase in CAR size to a maximum, and (c) the formation of micro-cracks between pores,
from Michel & al. (2013).

6 Summary and conclusions

In this paper, the theoretical background and coupling of chemical, electrochemical, and fracture
mechanical processes on different length and time scales in reinforced concrete within a novel cross
disciplinary modelling framework was presented. The presented multi-physics and multi-scale model
for corrosion in reinforced concrete structures deals with (i) the transport of heat and matter as well as
phase assemblage in hydrated Portland cement, (ii) corrosion of reinforcement, and (iii) material
performance including corrosion-induced damages on the meso and macro scale. The modelling
framework presented is fully coupled, i.e. information, such as phase equilibria, moisture distribution,
corrosion rate, damage state of concrete cover, etc., are constantly exchanged between the modules,
see Fig. 2.

Outcomes of the fully coupled mechanical performance, deterioration, and transport and
chemical modules described within this paper may be used for further analysis and coupling within a
structural performance module, see Fig. 11. In particular, cross sectional reduction of reinforcement
due to corrosion and concrete cover damage may be used within such a structural performance module
to determine (i) structural performance of deteriorated concrete members, (ii) change in reinforcement
bond strength due to formation of oxidation products, (iii) reduction in capacity of corroded
reinforcing bars, (iv) reduction in ductility of corroded reinforcing bars, and (v) buckling of corroded
reinforcing bars to assess the structural effects of reinforcement corrosion on concrete structures.



Additionally, such an analysis may be further integrated within a full life cycle assessment to support
comprehensive decision-making in order to minimize environmental, social, and economic impacts
associated with the decades-long service life of reinforced concrete elements and structures.
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Fig. 11  Schematic representation of link between mechanical performance, deterioration, and structural
performance module. Information on cross sectional area reduction of reinforcement and concrete cover damage
along the length of the member are exchanged between the modules.
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