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Abstract. Corrosion of embedded rebars is a classical deterioration mechanism of reinforced
concrete structures exposed to chloride environments. Macro-cell corrosion process involved
in a typical chloride-induced corrosion of RC components exposed to natural chloride
environment results in non-uniform corrosion states in rebars. In the present study, such non-
uniform corrosion states around steel-concrete interfacs of rebars are captured by solving
governing field equations through a combined finite element and finite difference scheme.

1 INTRODUCTION

Chloride-induced rebar corrosion in concrete is currently a serious problem in the world.
Based on conservative estimates, one-half of highway bridges are deteriorating due to rebar
corrosion in the developed countries, and billions of dollars are required to repair or
rehabilitate the damaged structures. Reinforced concrete (RC) structures fail to perform their
intended functions, and their service lives are much shorter than what they were designed for.
Rebar corrosion is accepted as a reasonable explanation for such premature damage incurred
by RC structures. Moreover, a majority of the world’s population inhabit marine atmosphere
(coastal) zones, the interface between the land and seawater. In such zones, salinity is the
main source of built infrastructure deterioration, predominantly due to the chloride-induced
rebar corrosion of the embedded steel.

The commonly considered uniform corrosion pattern around the rebar perimeter [1, 2] is
quite contradictory to actual rust layer formation around rebars in concrete exposed to natural
chloride environments. Owing to the spatially and temporally evolving chloride ion
concentration through concrete cover thickness, and to the impermeable nature of steel bars,
the rebar may not be corroding uniformly around its whole circumference. This phenomenon
can be explained by the gradual chloride-induced corrosion initiation process around corner
and middle rebars in a RC component exposed to natural chloride environment, as illustrated
in Fig. 1.

The surface regions, around steel-concrete interfaces of rebars that are facing the external
environment, where chloride accumulations are faster and higher, begin to corrode first. In a
rectangular or square RC cross-section, such surface regions for corner bars are around
midpoints of quadrants facing the adjacent concrete cover surfaces, and for middle bars are
around shortest distances from respective concrete cover surfaces. Whereas, in steel-concrete
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interfaces that are facing the interior of concrete, the amount of chloride ions remain at a very
low-level because of the impermeable nature of steel bars. Hence, breakdown of surface
passive protection layer and corrosion of steel could hardly happen in this area before the
cracking of concrete cover. Thus, variations in the onset of corrosion reaction around steel-
concrete interfaces of rebars result in non-uniform corrosion states in rebars [1, 2].
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Fig. 1 Non-uniform corrosion states in corner bar and middle bar

In order to capture the non-uniform corrosion states around steel-concrete interfaces of
rebars numerically, the adopted model must consider not only the existence of rebars but also
their size and locations. Rebars are impermeable to the transport of moisture and chloride yet
could transport heat. In addition, rebars act as obstruction to the movement of chloride ions
and hence tend to could accumulate along their circumference [3]. Such accumulation could
also be realized to quicken the initiation and could lead to relatively earlier onset of corrosion
induced cracks. Although many approaches have been proposed to numerically model the
process of chloride ingress, they either fully or partially failed to take into consideration the
size and distribution of rebars.

This study is divided into three parts: (i) a single-ion approach based model that is
proposed by Saetta et al. [4] which incorporates nonlinear chloride binding relationships,
humidity and temperature variations is adopted to model the process of chloride ingress into
RC components is dicussed; (ii) total chloride content (TCC) and time-to-corrosion initiation
(TCI) evolutions around steel-concrete interface of rebars of various sizes are discussed; and
(iii) based on the evaluated TCI profiles, non-uniform corrosion states are estimated by
adopting empirical models.

2 CHLORIDE INGRESS MODEL

The problem of chloride ingress into concrete can be effectively studied as the interaction
between three phenomena, namely: heat transport; moisture transport; and chloride transport.
Each of these phenomena is represented by a partial differential equation (PDE) and their
interaction is considered by solving them simultaneously. The diffusion process and the
nature of chloride binding are the most important principles in modelling of chloride ingress
into the concrete [6]. Subsequent subsections present each phenomenon separately, and
Section 2.4 summarizes the numerical procedure to solve the whole PDE system.
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2.1 Temperature transportin RC

By combining thermal equilibrium and Fourier heat law, the PDE for heat transport is
given as [5]:

pc,T—V.(D;VT)-Q=0 (1)

where, p is density of concrete/rebar (kg/m), cp is specific heat capacity of concrete/rebar
(J/kgK), Dr is thermal conductivity of concrete/rebar (W/mK), and Q is the rate of heat
generation per unit volume (W/m?3). Specific heat capacity of the rebar within the temperature
range of 20—600 C is estimated from the following expression given in the literature [6] .

=425+7.73x10T, —1.69x10° T2 +2.22x10° T* [J/kg.°C] )

Y p,rebar

where T; is rebar temperature (°C). The thermal conductivity of normal strength concrete is
reported to depend on aggregate volume fraction, fine aggregate fraction, water/binder ratio
(w/b) , temperature, and moisture condition [7]. The same can be estimated by the following
expression:

D: conerete = Dr er [0.293+1.01A ]x[0.8(1.62—1.54 (w/b))+0.2h]
x[1.05—0.0025T ][0.86+0.0036 (s / )]

where h is relative humidity, s/a is fine aggregate fraction, Ag is aggregate volume fraction
and Dr et is reference thermal conductivity (W/mK). The thermal conductivity of the rebar
within the temperature range of 20-800 °C can be estimated by adopting the following
expression [6]:

[W/m.°K]  (3)

D

T ,rebar

—54.0-3.33x10°T, [W/m.°K] (4)

However, in the normal temperature range (263.15 K < T< 313.15 K), p, ¢, and Dt of both
the concrete and the rebar can be assumed to be constants and hence heat transfer analysis can
be solved firstly without considering the influence of other mass transport processes [8, 9]. It
is worth to note here that the heat flux from concrete surface to the surrounding environment
and vice versa, reaches the quasi-balanced state within short time.

2.2 Moisture transport in RC

The mass conservation equation corresponding to moisture flow in concrete can be
expressed in terms of the pore relative humidity gradient as shown in Eq. 5.

a\alrv]e h-V.(D,Vh)=0 (5)

where we is evaporable water content (m® of water/m® of concrete) and Dy is relative humidity
diffusion coefficient (m?/s). The pore relative humidity diffusion coefficient, Dn depends on
many factors and can be estimated in terms of reference humidity diffusion coefficient, Dn,ref

[4]:
Dy =Dy e i, (T) i, () £, (L) [m?/s] (6)
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At standard temperature and pressure, adsorption isotherm relates evaporable water content
and pore relative humidity. Based on thermodynamics principle of adsorption, the three
parameter Braunauer-Skalny-Bodor (BSB) model gives this relationship as [10, 11]:

W= Ck.V, h
© (1-k h)[1+(C-1)k h]

[g of water/g of cementitious material] @)

Xi, Bazant and Jennings [11] developed experimental expressions for such parameters; for
instance, when te > 5 days and 0.3 <w/b< 0.7, their expressions are given as follows.

v%o.oas%)(o.em%%}va ,C= exp(gj (8-9)
[1_1}: 1
ML VA, Y S £0.33+ 2.2Wj N,, (10-11)
c-1 : b

The derivative of water content with respect to pore relative humidity (i.e.,owe/ch) is
defined as the moisture capacity. From the adsorption isotherm (i.e., Eq. 7), moisture capacity
can be obtained by taking its derivative with respect to h:

ow,  CkV, (Ch?k?—h%k? +1) 12
oh  (hk, —1)° (Chk, —hk, +1)°

2.3 Chloride transport in RC

Chloride ingress into concrete is a complex physiochemical process. Two types of chloride
ions can be present in the concrete: (i) chemically bound to the hydration products of the
cement and physically sorbed on the surfaces of the gel pores (bound chlorides); and (ii)
dissolved in the pore solution (free chlorides) [12, 13]. The governing PDE in terms of TCC
considering both diffusion and convection transport mechanisms is given as [4, 8, 14, 15]:

C,-V.(D,w,VC,)-V.(D,w,C,Vh)=0 [Kg/m?] (13)

diffusion convection

where C: is total chloride content (kg/m®), Dc is effective chloride diffusion coefficient
(m?/s), and Cs is concentration of free chlorides dissolved in the pore solution (kg/m®). If the
concentrations of chemically bound and physically sorbed chlorides are grouped in the
concentration of bound chlorides (kg/m?), Cy, then TCC can be expressed as [4]:

C, =G, +WC, (14)

Using Equation 17, the governing PDE for chloride ingress can be rewritten in terms of
free chloride concentration as:

C, -V.(D*VC,)-V.(D?C,Vh) =0 (15)

diffusion convection
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where D? is apparent chloride diffusion coefficient (m?/s) and D? apparent humidity diffusion
coefficient (m?/s). They are given as:

D? = and D; = (16-17)

Dc Dh
1+iacb 1+iacb
w, 0C, w, 0C,

The effect of temperature, humidity and concrete aging on D¢ is estimated by modifying
the reference chloride diffusion coefficient, D ref (M?/s) measured at standard conditions [4,
8]:

Dc = Dc,ref fc(T) fc (t) fc (h) [mZ/S] (18)

2.4 Numerical model and boundary conditions

An analytical closed form solution is very difficult to obtain for the chloride ingress model,
due to the dependence of the various material properties and boundary conditions on the
physical parameters of the concrete and the time level of exposure, hence numerical approach
is adopted. Three PDEs are solved in space as a boundary value problem adopting two-
dimensional FE model, and the evolution of spatial distribution is integrated in time as an
initial value problem by using the finite difference method. Time-dependent boundary
conditions, considering monthly mean variations of temperature and relative humidity are
applied at the exposed boundaries as fluxes. These boundary conditions are given as:

X =B,(C"~C,,)+Cp X" (19)
X" =B, (h°-h,,) (20)
X' = B, (Tb _Tenv) (21)

Where, X6, X" and X" are chloride, relative humidity and heat fluxes at the exposed
boundaries respectively.B,, Bn and Br chloride, relative humidity and heat transfer
coefficients, C°, h® and T® are chloride concentration, relative humidity and temperature at the
boundaries respectively.Ceny, henv and Teny are chloride, relative humidity and temperature in
the surrounding environment.

3 PROBLEM DESCRIPTION

In the current study, TCC and TCI around the steel-concrete interfaces of rebars are
estimated by considering different parameters: (i) w/b ratio (0.4,0.5, and 0.6) (ii) concrete
cover thickness (25 to 75 mm in multiples of 5); and (iii) rebar diameter size (12,16, 20 and
25 mm). Furthermore, in this study, Tohoku region in Japan is considered as an example. In
Japan the wind usually blows from west to east, the RC structures in Tohoku region near the
Sea of Japan (East Sea) have suffered most from severe damage due to airborne chlorides
[16]. In the current study, the mean monthly temperature and relative humidity data of the
Tohoku region has been obtained for the last 15 years (1998 to 2012) from Japan
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Meteorological Agency [17], to find the annual trend of the temperature and relative
humidity.

env

h,,, (t)=0.70+0.08sin (27 (t -0.5)) (23)

env

T, (t)=288.9+11.15sin(2xt) (22)

Depending on the time period of collecting airborne chlorides, it can be assumed that the
total amount of surface chloride concentration due to airborne chlorides is constant within a
structure’s lifetime, and attenuate with distance from the coastline [18]. In the current study,
RC structure is assumed to be located near the shoreline of Tohoku and hence a constant
surface chloride concentration value (= 9 kg/m®) and a critical chloride content value of 1.2
kg/m?® of TCC reported by JSCE [19] is adopted in the numerical analysis.

For further study a RC component section of size 400 x 400 mm shown in Fig. 2a, reported
is considered. In the considered cross-section: (i) C. and d represents cover thickness and
rebar diameter size respectively; and (ii) eight rebars are present of which, two bars of interest
in future discussions are named B1 (middle bar) and B> (corner bar). The adopted RC cross-
section is discretized using four noded isoparametric quadrilateral elements as shown in Fig.
2b. In FE analysis, the input parameters are assumed as those given in Table 1.
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Fig. 2 Studied RC component; (a) Cross-section; (b) Finite element discretization

Table 1. Values used for numerical simulation

Heat transport Moisture transport Chloride transport
Poonorere = 2400 kg/m? a,=0.05 t.. = 28 days

Cpconcrete = 1000 J/kg.°K h.=0.75 R =8.314 J/mol.°K
DT concrete =2Wim.°K n=10 Q= 0.39
Drenr = 7850 kg/m3 m=0.15 p,.=0.07
Cprenar = 620 J/kg.°K t, = 28 days a: =1.05
D, yur = 00 W/M.°K h.=0.72 S-=0.36
B, = 7.75 W/m?.°K B,=3x10" m/s B,=1m/s
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The following section discusses the two of the three primary results obtained by considering
the mathematical model and parameters explained in sections 2 and 3.

4. TCC AND TCI PROFILES

4.1 Effects of rebar location

Comparing with middle bars, more area of the steel surface of corner bars is close to the
external environment because of their location. In general, TCC build up is not only faster but
also higher at the steel-concrete interface around a corner bar (B2) than that around a middle
bar (B1), as the region of chloride accumulation over the surface of a corner bar is much larger
than that of a middle bar. As a result, after a certain exposure period, corner bars are observed
to have higher chloride accumulation than that of middle bars. To demonstrate the effect of
rebar location on chloride accumulation, a rebar size of 16 mm, three concrete cover
thicknesses (30—55 mm) and a w/b (= 0.4) are considered.

Figs. 3a and b present the TCC distributions around steel-concrete interfaces of B1 and B>
bars after 50 years of simulation, obtained by adopting the comprehensive FE method
described in section 2. The maximum TCC values of 1.01, 0.71, and, 0.47 kg/m?® for B1 bar
and 1.54, 1.13, and, 0.78 kg/m® for B, bar are obtained for 45, 50, and, 55 mm cover
thickness, respectively. These observed values indicate that, TCC build up at the steel-
concrete interface is much more pronounced around a corner bar than that around a middle
bar. In addition, it can be observed from Figs. 3a and b that, TCC accumulation around the
steel-concrete interface that is facing the interior of concrete is much less when compared
with the exterior face. Moreover, the accumulation of TCC around the steel-concrete interface
that is facing the interior of concrete (Figs. 3a and b) is also higher for B, bar than that of B:
bar.
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Fig. 3 TCC distributions around B and B; bars of 16 mm diameter and 0.4 w/b ratio after 50 years for various
cover thickness
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4.2 Effects of rebar size

The chlorides transporting into the concrete from external aggressive environment is
obstructed by the presence of steel bars, and hence starts to build up with time around steel-
concrete interfaces. Such build up is observed to be higher for larger-size bars than that of
smaller-size bars. To demonstrate this fact, a cover thickness value of 50 mm and a w/b ratio
of 0.5 are considered. The estimated TCC distributions around steel-concrete interfaces of
different rebar size (i.e., 12, 16, 20, and 25 mm) are depicted in Figs. 4a and b for B, and B>
bars after 25 and 50 years of exposure to airborne chlorides, respectively. It is observed that,
TCC around the steel-concrete interface that is facing the exterior of concrete increases with
the increase in rebar size for B: bar at 25 and 50 years, and for B2 bar at 50 years (Figs. 4a and
b). However, TCC build up is observed to decrease with the increase in rebar size for B2 bar
(i.e., corner bar) at 25 years.

w/b=0.5, C=50 mm b A4 w/b=0.5, C=50 mm

~M-Bar B, d=12 mm—M—Bar B,, d= 12 mm ~-M--BarB,,d=12mm—M—BarB,, d= 12 mm
=% Bar B, d=16 mm —k—Bar B,, d= 16 mm ~%--Bar B, d= 16 mm —k— Bar B,, d = 16 mm
M\ Bar B,,d=20 mm —A— Bar B, d=20mm M- Bar B, d=20 mm —A— Bar B,, d=20 mm
~W--Bar B, d =25 mm —¥— Bar B,, d =25 mm ~W--Bar B, d=25 mm —¥— Bar B,, d =25 mm

Fig. 4 TCC distributions around B1 and B; bars of different diameter size; (a) 25 years; (b) 50 years

This is because the diffusion path that maximizes chloride transport from the surface of
concrete to the rebar level, remain constant, and increase, with the increase in the rebar size
for B1 and By bars, respectively. These criteria govern TCC build up at 25 years, and hence
with the increase in the rebar size, an increase and decrease in chloride values are observed
around the steel-concrete interface that is facing the exterior of concrete for B1 and B; bars,
respectively. However, higher chloride ions build up around the steel-concrete interface of the
larger-size bar, rather than the maximizing diffusion path is observed to govern TCC
distribution around B> bar (Fig. 4b) for longer exposure periods (say 50 years).

4.3 Time-to-corrosion initiation profiles

From the preceding section, it is observed that, TCC varies around steel-concrete interfaces
of rebars. Implicit in this observation is a fact that each TCC value at the steel-concrete
interface location will reach a threshold value at different exposure periods. Consequently,
TCI will be different at each location of the steel-concrete interface of the rebar. The
distribution of TCI values around the steel-concrete interface of the rebar, is defined in this
context, as time-to-corrosion initiation (TCI) profile(s).
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Fig. 5. TCI profiles for different combinations diameter size and concrete cover thickness;
(a) middle bar; (b) corner bar

It can be observed from Figs. 5a and b that, for a given value of cover thickness and w/b,
the TCI is faster for B bar than that of By bar. The ratio between TCI of B: and B> bar is
observed to fall within the range of 1.3-1.6, indicating that, TCI is about 30 to 60% faster for
B> bar than that of By bar. Hence, the corrosion initiation and subsequent onset of cracking, as
corrosion level increases over time would be much more serious in concrete around a corner
rebar (i.e., B2) than that around a middle rebar (i.e., B1). Therefore, corner bars need more
protection from external aggressive environment than middle bars.

4 NON-UNIFORM CORROSION STATES

Chloride ingress through the porous concrete cover causes localized breakdown of passive
protection layer around the rebar. The ensuing localized form of corrosion is characterized by
macrocell action between relatively large active steel (anode) and small passive steel
(cathode). In other words, chloride induced rebar corrosion in concrete is modelled as a
macrocell kind of action, in which anodic and cathodic zones on the steel surface are spatially
separated [20-22]. In addition, highly localized corrosion pattern may appear due to the
formation of circumferential macrocells circulating between the corroded active steel and
uncorroded passive steel [23]. To numerically model macrocell corrosion, it is very essential
to identify the locations of anodes (active zones) and cathodes (passive zones). The regions of
steel-concrete interface in contact with the pore solution, where the chloride ion concentration
is above a user-defined threshold can be considered to be anodes, while the rest of the regions
act as cathodes, and thus a macrocell corrosion reaction could exist between them [24].
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4.1 Corrosion rate

The rate of corrosion in concrete (corrosion rate) is one of the most important input
parameters for making reasonable service life prediction in the propagation phase, as it plays a
decisive role in realistic estimation of one or more of the damage procedures. Corrosion rate
in RC structures is affected by various factors, namely, supplementary cementitious materials,
moisture content, cyclic wetting and drying, sustained loading, loading history, concrete
resistivity, concrete quality, cover depth, temperature, cracking, dissolved oxygen
concentration, and exposure conditions [26]. By considering few or more of these of factors,
various predictions models have been proposed in the literature. The European project
DuraCrete (2000) [27] gives a following expression for estimating the corrosion rate:

oo (1) = g0 [L+ K, (T (1) —20)] - [pA/em?] (24)

where icor-20 is the corrosion rate at 20 °C given (=2.586 uA/cm? for atmospheric exposure),
and ki= 0.025 if T(t)< 20 C and k1= 0.073 if T(t) > 20 C.

4.2 Corrosion penetration depth

The process of rebar corrosion transforms the steel into corrosion products, leading to; (i) a
reduction of the cross-sectional area; and (ii) an expansion in volume that generate splitting
stresses in the cover concrete The increase in the volume of the steel eventually leads to
concrete cover cracking and spalling. The corrosion level of a rebar is generally reported in
terms of the depth of attack penetration. The depth of corrosion penetration would be equal
and unequal around the circumference of the rebar in uniform and non-uniform corrosion
states, respectively. As chloride induced rebar corrosion leads to non-uniform corrosion
products layer formation around the steel-concrete interface of the bar, the penetration depth x
(mm) at exposure time t (years) can be empirically estimated based on Faraday’s law [28], as
shown in Eq. 25.

.
x(t) =0.0116 j i
TCI
By substituing Eq. 24 in Eq. 25 the time-dependent reduction in rebar cross-section can be
obtained. As TCI evolve both sparially and temporally around steel-concrete interfaces of
rebars, the reduction in rebar cross section would change in a similar way. Figs.9a—d display
the time-dependent rebar cross-section for different cobinations of cover thickness and rebar
diameter. It can be observed from these figures that reduction in cross-sectional area is much
for pronounced for a corner bar tan that for a middle bar. Moreover, it can be observed from
Figs.6a—d , that the cross-sectional shape of the uncorroded bar is non-uniform at any given
time, in concrete exposed to natural chloride environment. In addition, such reduction in rebar
cross-section would exert pressure on the nearby concrete to crack, and subsequently the
cover concrete spalls off, causing reduction in cross-section area of RC member. From this
guantitative represetation of non-uniform corrosion states, it can also be interpreted that cover
concrete around the corner bar would suffer earlier damage that the corner bar, which could
be practically observed in real structures exposed to chloride environemnt. In addition, the
estimated non-uniform corrosion states qualitatively very well match the experimental
observations reported in literature [6, 7].

t)dt  [mm] (25)

corr

10



S. Muthulingam and B. N. Rao.

~

—— At 10~ycar
=== AL 15-year

Al 20-year d
--------- At 25-year

.

[ wib=0.5,C =40 mm, d=16 mm

~

w/b=0.5, C =50 mm, d=20 mm

Fig. 6 Non-uniform corrosion states in rebar for various combinations of rebar diameter size and cover thickness
around ;(a—b) middle bar; (c—d) corner bar

5 CONCLUSIONS

- The importance of studying the process of chloride ingress into RC by considering
not only the existence of rebar but also its size and location is demonstrated through a
numerical model. It is observed that TCC accumulation would be more pronounced
and hence TCI would be faster for corner bar than that of the middle bar. In addition,
such accumulation is also observed to increase with increase in rebar diameter size.

- Non-uniform corrosion states in rebars (i.e., non-uniform reduction in cross-section
of the rebar) was evaluated based on DuraCrete empirical model. It is observed that
the reduction in rebar cross-section during the corrosion propagation phase would be

higher for a corner bar that that of a middle bar.
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