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To study the corrosion of reinforced concrete members subjected to various exposure conditions, a finite-
element framework is developed. This framework evaluates the effects of the most critical parameters that
may expedite or slow down the corrosion process. Some of these parameters, such as concrete properties and
diffusion characteristics, are categorized as internal parameters. In contrast, the environmental parameters,
such as ambient temperature, relative humidity, and concentration of carbon dioxide or chloride ions, are consid-
ered as external parameters. Using detailed three-dimensional finite-element models, the influential parameters
are examined as individual physical environments. The analyses of these environments are based on the concept
of transient thermal analysis with appropriate modifications. The novelty of the proposed framework is to con-
sider the nonlinear time-dependent characteristics of the involved parameters along with their mutual interac-

tions. This will result in a more realistic estimation of the extent of degradation over the service life of a structure.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Corrosion of steel rebars embedded in the concrete is identified as
one of the major causes of deterioration in reinforced concrete (RC)
members. This phenomenon usually occurs due to the existence of
carbon dioxide or chloride ions in the concrete. The penetration of
these ions is mostly through the pore structure of the concrete or
the concrete micro cracks caused by drying shrinkage or temperature
changes [7]. The presence of carbon dioxide or chloride ions in the
concrete results in the neutralization of the protective film around
the rebar. This increases the vulnerability of steel rebars to corrosive
agents. After corrosion initiates, steel is consumed during chemical
reaction and it forms a layer of porous material with less strength
and more volume compared to original steel. The increasing volume
of corrosion products gradually fills out the porous area around the
rebar and then pressurizes the surrounding concrete. This causes
crack initiation in the concrete and decreases the bond action be-
tween the concrete and rebars [7,16,41]. In addition to the concrete
degradation, it has been found that the effective cross sectional area
and material strength of steel rebars are reduced due to the corrosion
process [13-15]. Hence, considering the fact that the corrosion of re-
bars directly affects both strength and serviceability of RC members
[1,2], an accurate estimation of the stage and extent of corrosion is
necessary for the reliability analysis and performance assessment of
RC members subjected to environmental stressors.
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Towards this goal, the current paper proposes a comprehensive
finite-element framework to examine the corrosion process in detail
and to evaluate its effects on the life-cycle performance of RC struc-
tures. This study first identifies the most important parameters that
influence the penetration of corrosive agents into the concrete.
Some of these parameters, such as concrete properties and diffusion
characteristics, are categorized as “internal” parameters, while the
environmental parameters, such as ambient temperature, relative hu-
midity, and concentration of carbon dioxide or chloride ions, are con-
sidered as “external” parameters. Based on a thorough investigation
of available literature and resources, all the required assumptions
and coefficients for each of the influential parameters are evaluated
and discussed in the finite-element framework. The developed frame-
work utilizes transient thermal analysis and applies the nonlinear
time-dependent effects of each parameter to the three-dimensional
model of the RC member. By taking advantage of this comprehensive
yet rigorous framework, the chloride content at various depths of the
RC member is calculated considering the appropriate initial and
boundary conditions. The obtained results can be used to determine
the chloride initiation time and to evaluate the extent of structural
degradation over the service lifetime. This provides engineers and
decision-makers with invaluable information to ensure the safety of
RC structures while minimizing the associated inspection and main-
tenance costs.

2. Finite-element framework

To investigate the chloride-induced corrosion in the RC members
subjected to various exposure conditions, an integrated finite-element
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framework is developed. This framework evaluates the effects of the
most critical internal and external parameters that may expedite or
slow down the corrosion process, particularly during the initiation peri-
od. Since these parameters are nonlinear in nature and vary over time,
they are modeled by following an analogous transient thermal analysis.
A transient thermal analysis is capable of calculating the distribution of
temperature or similar quantities in the concrete as a function of time.
Since the developed framework takes into account the simultaneous
contribution of all the influential parameters along with their mutual
interactions, it can provide a precise estimation of chloride content at
various depths of the concrete.

Through a three-dimensional finite-element model of the concrete,
the influential external parameters are examined as individual physical
environments. The analyses of these environments are all based on the
concept of transient thermal analysis but with appropriate modifica-
tions and assumptions. To simulate the four major mechanisms of
heat transfer, moisture transport, carbonation process, and chloride
penetration, the ANSYS program has been used. For each physical envi-
ronment, particular characteristics, such as geometry, element type,
material properties, boundary conditions, and applied loads, are first
defined. Then the procedure begins by solving all the mechanisms
one-by-one at each time step. At the end of a time step, the obtained re-
sults are collected and used to update the model for the next step. One
of the novelties of this procedure is that while it considers all the non-
linearities involved in each of the physical environments, their time-
dependent interactions are also taken into account.

To perform transient thermal analysis in ANSYS, it is necessary to se-
lect an appropriate element type. Among various element types available
in ANSYS, SOLID70 has been chosen in this study for the previously de-
fined physical environments. According to the ANSYS Elements Refer-
ence, SOLID70 has eight nodes, each with a single degree of freedom
for temperature. This element has a three-dimensional thermal conduc-
tion capability and can be used for steady-state or transient thermal anal-
ysis. By using this element type, a three-dimensional finite-element
model of a concrete member is generated. As shown in Fig. 1, a typical
segment of this member has a total thickness of 25 cm with the longitu-
dinal rebars placed 20 cm center-to-center of each other. The cover
depth is defined as the perpendicular distance from the center of a
rebar to the concrete surface and here is assumed equal to 5 cm. This
model can represent an actual bridge deck subjected to deicing salts or
a RC slab of port facilities exposed to air-borne sea salts.

3. Chloride intrusion into concrete

Chloride-induced corrosion is initiated by the ingress of chloride ions
into the RC member during the concentration and diffusion cycles. The
sources of chloride ions are mainly air-borne sea salts in coastal areas
or deicing salts used over winter months. This paper focuses on the cor-
rosion caused by the sea-salt particles floating in the air and assumes that
the diffusion process is the dominant mode of chloride intrusion. To
study the diffusion process, it is essential to find the change of the chlo-
ride content at different depths of the RC member. The total chloride con-
tent refers to the total acid-soluble chloride in the concrete, which is the
summation of free chlorides and bound chlorides. The relationship
among the total, G, free, G, and bound, Gy, chloride content in the unsat-
urated concrete can be described as follows [33]:

C, = Cp +wCs (1)

where w, is the evaporable water content (m?> of evaporable water per
m? of concrete). It should be noted that the water in the concrete is com-
posed of evaporable water, w,, and non-evaporable water, wy,.. The non-
evaporable water is produced because of hydration reactions and has no
effect on the transfer of chloride ions. On the other hand, the evaporable
water, which is considered as the water held in concrete pores, takes part
in the diffusion process as one of the internal parameters. According to

Fig. 1. Three-dimensional finite-element model of a typical reinforced concrete mem-
ber (unit length).

[31], the evaporable water content can be calculated as the summation
of the capillary pore water, w. (m? of capillary pore water per m? of con-
crete), and gel pore water, wg (m? of gel per m> of concrete), as below:

We = W + W, = [(W/c—0.360) + (0.18a)]c/7y,, (2)

where c is the cement content, w/c, the water-to-cement ratio, y, the
water density, and ¢, the degree of hydration. The degree of hydration
can be calculated as a time-dependent parameter following the equation
suggested by [18]. It should be noted that Eq. (2) is a simplified formula-
tion only for ordinary portland cement (OPC) and it does not take into
account the effects of a few parameters, such as carbonation, interfacial
transition zone, non-porous aggregates, air voids, and curing conditions.

At the constant temperature of 23 °C and the water-to-cement ratio
of 0.5, the change of evaporable water content with concrete age is
shown in Fig. 2 for a set of cement contents ranging from 300 to
450 kg/m?>. It can be understood from this figure that the amount of eva-
porable water decreases during the aging process of the concrete until it
reaches a constant level within less than 100 days. As a case in point, the
evaporable water content for the cement content of 350 kg/m> experi-
ences no change after reaching 0.136 (13.6%) within only 60 days.

According to Fick's second law, which is based on the mass conser-
vation principle, the diffusion process is expressed as the change in
the free chloride content over the time, t [25]:

% _ gy Dq

0 1T+ (1/w,)(9Cy/0Cy)

V() 3)

where D¢, is the chloride diffusion coefficient and 9C,,/9C; is the binding
capacity. The chloride binding capacity in Eq. (3) characterizes the
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Fig. 2. Change of evaporable water content with concrete age for a range of cement contents.

relationship between the free and bound chloride ions in the concrete at
a constant temperature [24]. This parameter, which is also referred to as
the binding isotherm, can be calculated using one of the three equations
suggested by [25]. Eqgs. (4)-(6) represent the idealized binding iso-
therms and simulate the exposure conditions of marine structures.

(I) Linear isotherm:

aC,
Gy = 04 G — 6—le) = Q4ip (4)

(II) Langmuir isotherm:

o, C a¢ o
C. = LM f _)_b _ L ) 5
PTI+BG O (1+B.C)Y )
(IlT) Freundlich isotherm:
Gy — a0 _ g p ot (6)

ac,

where aand (3 are equal to 0.39 and 0.07 for the Langmuir iso-
therm and 1.05 and 0.36 for the Freundlich isotherm,
respectively.

The chloride diffusion coefficient in Eq. (3), D, is calculated by tak-
ing into account the effects of all major influential parameters, such as
water-to-cement ratio, ambient temperature, relative humidity, car-
bonation, age of the concrete, chloride content, and chloride binding ca-
pacity. The chloride diffusion coefficient can be determined from a
diffusion coefficient estimated for a reference temperature and humid-
ity, Dcyre, multiplied by a series of modification factors as below:

D¢ = Deyrer F1(T) Fo(H) F3(R) F(te) F5(Cr) (7)

where F;(T) accounts for the dependence of chloride diffusion coeffi-
cient on the ambient temperature, F>(H) represents the influence of rel-
ative humidity, F3(R) evaluates the effect of carbonation process, F4(t.)
denotes the influence of concrete age, and Fs(C) considers the effect of
free chloride content on the chloride diffusion coefficient. The nonlinear
time-dependent effects of the mentioned parameters on the corrosion
process are discussed in detail through independent yet interacting
physical environments.

The reference chloride diffusion coefficient, D¢y .y, is influenced by
various internal parameters, such as concrete mix properties, curing
conditions, and the chemical composition of steel and concrete.
Among all these parameters, it has been proved that the change in
concrete mix properties, and especially in the water-to-cement

ratio, has a significant influence on the chloride diffusion coefficient
[4,30,38]. The level of water-to-cement ratio directly affects both
the capillary porosity and permeability of the concrete, which may re-
sult in significant change in the diffusion rate of chloride ions.

A number of models have been developed to study the effects of
water-to-cement ratio on the chloride diffusion coefficient. As a case
in point, [12] found that when the water-to-cement ratio of OPC con-
crete changes from 0.5 to 0.6, the Dc s increases from 1.7 to 3.3
(x10~8 cm?/s). In the other study conducted by [29], the effects of
water-to-cement ratio as well as ambient temperature on the Dcjyef
were examined. At the constant temperature of 23 °C, they measured
the Deirer as 2.60, 4.47, and 12.50 (x10~ 8 cm?/s) for the water-to-
cement ratios of 0.4, 0.5, and 0.6, respectively. When common Portland
cement is used, [22] suggests the following relationship for the D¢ ref:

1og(DCL,Aef) = —3.9(w/c)* +7.2(W/c)—2.5 (8)

where D ef is in cm?/year. [8] updated the coefficients of the above
equation with the data from some other studies considering the con-
crete with and without additives. The reference chloride diffusion coef-
ficients obtained from the existing literature have been summarized in
Fig. 3. Review of the available data shows a similar trend of increase in
Dcref and indicates that for the water-to-cement ratios in the common
range of 0.3 to 0.6, the proposed diffusion coefficients are almost simi-
lar. In the current study, it is assumed that for a water-to-cement ratio
of 0.5, the reference chloride diffusion coefficient is equal to 3.4
(x10~8 cm?/s). It should be emphasized that the reference diffusion
coefficient still does not include the effects of external parameters,
such as temperature, humidity, carbonation, and free chloride content.
By taking into account these parameters, the D¢ er Will be improved
to the D¢, through the next sections.

4. Ambient temperature

Ambient temperature has been identified as one of the external
parameters that directly affect the diffusion process in the concrete.
Based on the Arrhenius law, [33,45] proposed an influence factor to
consider the effects of temperature variation on the chloride diffusion
coefficient. This factor compares the current temperature, T, with a
reference temperature, Tr.r, by using Eq. (9):

E/1 1
Rlr 7)) )
where R is the gas constant (kJ/(mol.K)) and E is the activation energy

of diffusion process (k]/mol). According to [29], the value of E for a ce-
ment paste made of OPC depends on the water-to-cement ratio and

Fy(T) = exp
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Fig. 3. Summary of suggested values for the reference chloride diffusion coefficient as a
function of water-to-cement ratio.
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can be considered as 41.8 +4.0, 44.6 +4.3, and 32.0 4- 2.4 (kJ/mol) for
w/c of 0.4, 0.5, and 0.6, respectively. In Eq. (9), both T and Tiefare in K
and the reference temperature is usually assumed equal to 296 K.

Since the average temperature varies within a three-dimensional
concrete member, it is essential to find the expected nodal tempera-
ture at different points of the finite-element model. This will be
used to determine the values of F;(T) at each time step. The governing
partial differential equation for the heat flow through the concrete
member is based on the principle of energy conservation and Four-
ier's heat conduction law. This can be written as:

. oT
div(k, grad(T)) + q, = pctﬁ (10)

where k¢ is the thermal conductivity of the concrete (=2 W/m.K), g,
the rate of heat generation per unit volume (W/m?), p, the concrete
density (=2400 kg/m?), and ¢, the specific heat of the concrete
(=1000 J/kg.K). Considering the fact that the generation of heat dur-
ing hydration process is extremely gradual and the hardened con-
crete does not produce or consume any major heat, the g; is
assumed to equal zero in Eq. (10). It is worth mentioning that the
thermal conductivity, specific heat, and density of the concrete are
dependent on the concrete mixture and its environmental conditions.
However, the effects of these parameters are usually so small that
they can be neglected [6,33]. As a result, the heat transfer differential
equation, given in Eq. (10), can be treated as a linear problem that is
solved with no need to consider the other mechanisms.

To solve the Eq. (10) as a transient field problem, the developed
finite-element model of the concrete member is subjected to the
transient thermal analysis using the ANSYS program. To introduce
the initial and boundary conditions, the ambient temperature data
should be gathered within a specific region where the RC member is
located. In the current study, the daily temperature data of the Los
Angeles area has been obtained for the last 15 years (1995 to 2009)
from the National Oceanic and Atmospheric Administration [28].
From this database, it is evident that the recorded temperature, Tepy,
has a periodic trend over the year and a sinusoidal function can be
fitted to the data:

T (t) = 291—15 sin(2mt/365) (11)

where t is in days (0<t<365). From the sinusoidal function assigned
to the local temperature data, the initial condition is defined as:

T(x,y,z,t =0) =Ty(x,y,2) (12)

where Ty(x,y,z) is equal to 291 K. The boundary conditions are applied
to the top and bottom surfaces of the concrete member. It is assumed
that the temperature at the top surface follows the trend of Eq. (11)
over time. The bottom surface of the member has also the same
trend with the half variation amplitude. Based on the discussed as-
sumptions and equations, the transient thermal analysis is performed
on the finite-element model to calculate the temperature distribution
in the nodes and elements of the concrete member. The temperature
data are stored at each time step and then used as initial conditions
for the next time step of analysis. Fig. 4 shows the temperature vari-
ation at different depths of the concrete model during a 60-month pe-
riod. As expected, the obtained temperature values have a similar
periodic trend but with different amplitudes. It can be understood
from this figure that the average of temperature inside the concrete
member has a layer-by-layer variation. This directly affects the F;(T)
parameter and makes it a spatial modification factor for the chloride
diffusion coefficient (Fig. 5).
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Fig. 4. Temperature variation at different depths of the concrete member during a 60-
month period.
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Fig. 5. Estimated values for F;(T) as a function of temperature.

5. Relative humidity

An accurate estimation of the water content of the concrete is crit-
ical for the study of chloride diffusion process. In addition to serving
as a transport agent, water is an essential component of numerous
chemical reactions that may cause deterioration of the concrete. The
transport of water in the concrete, as a porous medium, is complicat-
ed for two major reasons: 1) a wide range of pore sizes is present in
the concrete, and 2) as the concrete ages, the pore structure changes
significantly due to hydration products. Different transport mecha-
nisms, such as convection, diffusion, desorption and adsorption, and
capillary suction may apply individually or simultaneously for the
transport of water in the concrete.

Although depending on the pore relative humidity and micro-
structure of the concrete, one or more of the mentioned transport
mechanisms may become dominant, [42] indicated that the diffusion
process usually dominates the transport of moisture in the concrete.
Based on the semi-empirical expressions proposed by [5], the follow-
ing equation was used by [33] to consider the effects of relative hu-
midity, H, on the chloride diffusion coefficient.

Fy(H) = ———— (13)
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where H. is the critical humidity level at which F,(H) equals to the av-
erage of its maximum and minimum values (usually assumed equal
to 0.75). It can be understood from Eq. (13) that consideration of
the relative humidity always applies a reduction factor (less than
1.0) to the chloride diffusion coefficient.

The time-dependent pore relative humidity, H, at different spots of
the concrete must be calculated from the moisture diffusion process.
This process can be studied in terms of relative humidity or water
content. According to [5,43,44], the formulation of moisture transport
is preferred to be developed in terms of relative humidity rather than
water content. This is mainly because the drop in H due to self-
desiccation is rather small for common water-to-cement ratios. Fur-
thermore, when generalization to temperature variable is considered,
the gradient of H can still be considered as a driving force for the dif-
fusion process. Hence, the pore relative humidity can be obtained by
solving the below nonlinear differential equation [33]:

OH .. 0H,
W div(Dy grad(H)) + o + Kyr

0T 0Hg OH
ot o (14
where W is the total water content and Dy is the humidity diffusion co-
efficient. There are three additional terms in Eq. (14), where: (1) 0H,/0t
is the change of pore relative humidity due to the self-desiccation. As
mentioned earlier, this change is small and its associated term can be
neglected in a normal-strength concrete; (2) Ky0T/0t represents the
change in the humidity due to the temperature variation, considering
the hydrothermal coefficient of Kyr (1/K). This term has also a minor
contribution, which can be neglected in this study; (3) 0Hg/0t takes
into account the amount of water liberated during the carbonation pro-
cess. This term will be discussed more in the next section.

It can be understood from Eq. (14) that two parameters mainly af-
fect the moisture transport mechanism: (1) moisture capacity, 0W/0H,
and (2) moisture diffusivity, Dy. Since these two parameters are also
the major sources of nonlinearity in Eq. (14), they are further discussed
to provide more detailed information about the assumptions and equa-
tions needed for the accurate modeling of the moisture transport in the
concrete.

5.1. Moisture capacity

The moisture capacity is defined as the derivative of water content
with respect to pore relative humidity. The relationship between
water content and pore relative humidity in a constant temperature is
determined by adsorption isotherms. The adsorption of water in the
concrete is influenced by a number of internal parameters; especially
those that contribute to the hydration process and the constitution of
the pore structure. These parameters include the water-to-cement
ratio, type of cement, curing condition, temperature, and added admix-
tures. Xi et al. [43,44] proposed an adsorption isotherm and compared
the results with the available test data. Based on this isotherm:

VnTkH

W= (1—kH)[1 + (T—1)kH]

(15)

where V, is the monolayer capacity (equal to the mass of adsorbate re-
quired to cover the adsorbent with a single molecular layer), 7, a con-
stant that takes into account the influence of change in temperature
on the adsorption isotherm, and k, another constant resulted from the
assumption that the number of adsorbed layers is a finite small number
[10]. Having the adsorption isotherm defined, the moisture capacity,
0W/0H, can be obtained from the derivative of Eq. (15) as follows:

OW  TkV,, + WK[1 + (T—1)kH]—Wk(1—kH)(T—1)
OH (1—kH)[1 + (T—1)kH]

(16)

The reciprocal of Eq. (16) results in 0H/0W, which is one of the pa-
rameters required to solve Eq. (14). It can be understood from
Eq. (16) that the value of 9H/0W is not a constant and varies as a func-
tion of temperature, humidity, and the age of the concrete [32,43,44].
This parameter is regularly updated in the developed finite-element
framework to incorporate a more realistic estimate of the moisture
capacity at different time steps.

5.2. Moisture diffusion coefficient

The nonlinear time-dependent variation of the humidity diffusion
coefficient can be evaluated using a multi-factor equation introduced
by [5] as:

Dy = Dy regFin (T)Fip (H)Fiy3 (L) Fria (R) (17)

where Fy;(T) accounts for the dependence of the humidity diffusion
coefficient on the ambient temperature, F;>(H) represents the influ-
ence of relative humidity, Fys(t.) denotes the influence of concrete
age, and Fy4(R) considers the effect of carbonation process on the hu-
midity diffusion coefficient. In Eq. (17), Dy rer is the reference humid-
ity diffusion coefficient calculated at the standard temperature and
humidity. Based on the experimental data provided by Federal Poly-
technic of Zurich, [35] studied the humidity diffusion coefficient as a
function of water-to-cement ratio. For a concrete with the water-to-
cement ratio of 0.5, they suggest a reference diffusion coefficient of
2.0x 10~ " m?/s. This value is in good agreement with the results of
similar studies by [5,19], and the most recent [11].

The effect of ambient temperature on the humidity diffusion co-
efficient, Fy;(T), is taken into account by using Eq. (9). The only dif-
ference is that the activation energy, E, needs to be changed to 22.0
(kJ/mol) for the moisture transport [29]. For the humidity modifica-
tion factor, Fyp(H), the following empirical formula has been pro-
posed [44]:

Frn(H) = oy + By [1—2*“””(”’”} (18)

where oy, By, and yy are coefficients calibrated from the test data. In
Eq. (18), ay represents the lower bound of the modification factor
approached at the low humidity level. The 3y/2 is the increment from
the low humidity level to saturation state, and yy characterizes the hu-
midity level at which the modification factor begins to increase. These
parameters are majorly affected by the water-to-cement ratio. The po-
rosity of concrete increases when a higher water-to-cement ratio is
used. Hence, the volume fraction of macro pores increases as well,
which causes a faster migration of water molecules in the low humidity
level. As a result, oy and 7y, are expected to have larger values with the
increase in water-to-cement ratio. On the other hand, 3 first increases
with water-to-cement ratio for the same reason mentioned earlier, but
after reaching a certain water-to-cement ratio, it starts dropping. This is
due to the fact that the increase of diffusivity from a low humidity level
to saturation state will be slowed down by the increase in the volume
fraction of macro pores. Based on the equations suggested by [44], the
effects of water-to-cement ratio on oy, By, and yy are shown in Fig. 6.
Furthermore, Fig. 7 depicts the variation of Fy;,(H) as a function of the
relative humidity for a range of water-to-cement ratios.

In Eq. (17), Fys(te) is to consider the effect of age of the concrete.
The aged concrete is hydrated and its porous area decreases. This
causes a reduction of the moisture diffusion coefficient as a function
of time. According to [40], the below formula can be used to calculate
this modification factor:

0.5
Fistto) = 7+ (1= (7)) (19)

e
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where t, is the age of the concrete (day) and y is the ratio of the dif-
fusivity at the time of infinity to the diffusivity after 28 days. The ef-
fect of age on the diffusion of moisture is shown in Fig. 8 for
different y values. The last modification factor of Eq. (17), Fya(R), is
to consider the effect of those chemical reactions that result in precip-
itation (like the generation of water during the carbonation process).
The precipitation reduces the humidity diffusion coefficient following
the below equation proposed by [33]:

Fua(R) = 1-{R (20)

where the value of ¢ ranges between 0 and 1. If the diffusion process
results in no reduction in porosity, { would become zero. The R pa-
rameter will be discussed later in the carbonation section.
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Fig. 7. Variation of Fy>(H) as a function of the relative humidity for a range of water-to-
cement ratios.
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Fig. 8. Change of Fy3(t.) with the age of the concrete.

Considering all the mentioned equations and coefficients, the
moisture transport mechanism in the concrete is simulated by using
the transient thermal analysis of the ANSYS program. For this pur-
pose, the thermal parameters required for the analysis are interpreted
as their analogous moisture parameters following Eq. (14). Similar to
the transient field defined for the ambient temperature, the relevant
coefficients for the moisture transport mechanism need to be identi-
fied and introduced. Comparing Eq. (14) with Eq. (10) indicates that
the moisture capacity, 0W/0H, can be mapped to the specific heat ca-
pacity, ¢, while the humidity diffusion coefficient, Dy, is equivalent to
the thermal conductivity, k.. The humidity generated due to the car-
bonation process, 0H./0t, is also mapped to the rate of heat genera-
tion, q;, using the body force option available in ANSYS.

Before solving the transient field problem, the initial and bound-
ary conditions are determined. Similar to the ambient temperature,
the local humidity information is obtained to be used in the finite-
element model. In this study, the average monthly relative humidity
data for the Los Angeles area has been collected to find the annual
trend of the relative humidity. Review of available data indicates
that the recorded relative humidity, Hepy, is periodic in nature and is
repeated throughout the years as below:

Heny = 0.65 + 0.13 sin(mt/365) (21)
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where t is in days (0<t<365). From the sinusoidal function assigned
to the local relative humidity data, the initial condition is defined as:

H(x,y,z,t =0) = Hy(x,,2) (22)

where Hy(x,y,z) is equal to 0.65. The boundary conditions are applied
to the top and bottom surfaces of the concrete member. The relative
humidity at both surfaces has identical variation following the trend
of Eq. (21) over time.

As previously explained, the key parameters of the moisture trans-
port mechanism, such as moisture capacity and humidity diffusion
coefficient, are functions of a number of nonlinear time-dependant
parameters, including: concrete properties, ambient temperature,
pore relative humidity, exposure time, and carbonation process.
Hence, the finite-element model needs to be subjected to a series of
transient thermal analysis. At each time step, the data required from
the other physical environments are obtained and used to update
the moisture capacity, humidity diffusion coefficient, and the rate of
humidity generation. By using this procedure, the simultaneous ef-
fects of various stressors along with their mutual interactions are
fully investigated.

Based on the discussed assumptions and equations, the transient
thermal analysis is performed on the three-dimensional model of
the concrete member to find the humidity distribution over the
nodes and elements of the member. The humidity data are stored at
each time step and then used as initial conditions for the next time
step of analysis. Fig. 9 depicts the expected change in the pore humid-
ity level at different depths of the concrete model during a 50-year
period. It can be seen from this figure that the pore relative humidity
varies from one layer to another one, demonstrating the effects of
moisture diffusivity on the pore humidity. As it is evident in Fig. 9,
there is a periodic fluctuation in the pore humidity curves, which is
due to the periodic trend of the surrounding relative humidity.
Fig. 10 shows the humidity diffusion coefficient estimated at different
depths of the concrete model over 30 years. As mentioned earlier,
since various parameters affect this coefficient and all these parame-
ters have different spatial values, a location-dependent estimate of
the humidity diffusion coefficient is necessary to obtain more realistic
results for the pore humidity distribution.

6. Carbonation process

In urban and industrial regions, the concentration of carbon diox-
ide, CO,, produced by various environmental pollutants is the main
cause of the carbonation process in the RC members. During this pro-
cess, the chemical reactions between carbon dioxide and cement
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Fig. 9. Pore humidity content at different depths of the concrete model during a 50-
year period.
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Fig. 10. Humidity diffusion coefficient estimated at different depths of the concrete
model during a 30-year period.

hydration products result in the reduction of the alkalinity of the con-
crete, which by itself adversely affects the ability of the concrete to
protect the steel rebars from corrosion. During the hydration process
of OPC concrete, the calcium oxide in cement, Ca0, forms the calcium
silicate hydrate, C-S-H, and calcium hydroxide, Ca(OH),. The pres-
ence of the calcium hydroxide and other alkalis in the intact concrete
provides a pH of greater than 12.4. However, when CO, penetrates
into the concrete, it dissolves in the concrete pore water and forms
the carbonic acid. The carbonic acid reacts with the alkaline hydration
products and reduces the pH of the concrete to below 9.0. At this
point, the passivating film around the steel rebar is eliminated and
it becomes exposed to the oxygen and chloride ion bearing solution.
This process, which facilitates the onset of corrosion, is called carbon-
ation and can be expressed as [30]:

Ca(OH),—Ca*" +20H~ (23)
H,0 + CO,—HCO; +H'—C05™ +2H" (24)
Ca*" +20H™ 4+ C05~ + 2H"—CaC0s + 2H,0 (25)

From the reaction of carbon dioxide, CO,, with calcium hydroxide,
Ca(OH),, in the hardened cement paste, the calcium carbonate,
CaCOs, is produced. Since the calcium carbonate is not soluble in the
pore water, it precipitates in the pore area and decreases the pore vol-
ume of the OPC concrete. This will change the transport properties
and permeability of the concrete [20,21]. It is worth mentioning
that the described reactions ideally occur in a humidity range of
50% to 70%. In the humidity levels of less than 50%, CO, ions cannot
be completely dissolved due to the inadequate water in the pores.
On the other hand, in the humidity levels of higher than 70%, the
water in pore volume inhibits the CO, diffusion and causes lower
rates of carbonation [21,27,30].

Since the carbonation process is affected by a number of nonlinear
time-dependent parameters, the capabilities of the developed finite-
element framework are used to determine the CO, content and the
degree of carbonation at various points of the three-dimensional
model. The governing equation to simulate the transport of CO, in
the concrete is based on Fick's second law and can be written as:

. 0B
div(Dg grad(B)) + qy, = o (26)

where Dy is the CO, diffusion coefficient (m?/s), B, the pore CO, con-
centration (kg/m? of pore solution), and gy, the sink term represent-
ing the rate of CO, consumption during the carbonation reactions. In
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Eq. (26), the CO, diffusion coefficient is a function of both internal
and external parameters. Hence, [34] introduced a multi-factor equa-
tion to consider the effects of major influential parameters, including:
ambient temperature, Fg;(T), relative humidity, Fg,(H), age of the
concrete, Fp3(t.), and change of the concrete pore structure during
the carbonation process, Fg4(R).

Dg = Dg retFp1 (T)Fpz (H)Fp3(te)Fpsa(R) (27)

where Dg s is the reference CO, diffusion coefficient in the con-
trolled temperature and humidity conditions. There are a few equations
available in the literature to determine the D ¢ as a function of con-
crete properties (e.g. [11,30]). According to the [11], the reference
CO, diffusion coefficient for a normal strength concrete in the standard
temperature and relative humidity of 65% can be calculated as:

Dy rer = Dpg 10 (28)

where f' ., is the mean value of the 28-day compressive strength of the
concrete (MPa) and Dgj is equal to 10~ 5! m?/s. Hence, for a concrete
with 40 MPa compressive strength, the Dg.s becomes equal to
7.94x10~° m?/s. In Eq. (27), F31(T), Fg3(te), and Fg4() can be estimated
following the formulas given in Egs. (9), (19), and (20), respectively.
Furthermore, Fg,(H) is calculated as [34]:

Fo(H) = (1—-H)*® (29)

where H is the corresponding pore relative humidity.

In addition to the CO, diffusion coefficient, the sink term of
Eq. (26), g, needs to be defined. This term indicates the consumption
rate of the carbon dioxide during the carbonation process and can be
derived from the chemical and thermo-dynamic balance of the pore
solution [33]. According to [9,19], the rate of CO, consumption during
the carbonation reactions is obtained from a multi-factor equation:

qp = a1 0f 1 (H)f 2 (T)f 3(R)f 4(B) (30)

where o represents the reference rate at which the carbonation reac-
tion takes place in ideal conditions. According to [35], the increase of
this coefficient reduces the estimated carbonation depth, but since
the influence of this coefficient on the final result is less than 2%,
the variability of this coefficient can be deemed negligible. For the
standard concrete, this coefficient is assumed equal to 2.8x10~7/s
[36,39]. Furthermore, ¢, is a coefficient that depends on the chemical
reactions of the carbonation process. [35] showed that by increasing
this coefficient the carbonation depth decreases. They have also stat-
ed that for the concrete with standard characteristics, o, can be as-
sumed between 0.4 and 1.0.

There are four modification factors introduced in Eq. (30). The f;
(H) and f»(T) take into account the effects of relative humidity, H,
and ambient temperature, T, respectively. These two terms are calcu-
lated following Eqs. (31) and (32):

0 0.0<H<0.5
fi(H)={ 25(H—05) 0.5<H<0.9 (31)
1.0 0.9<H<1.0

Fal) = Aexp(— 2 (32

where A is a constant assumed equal to 3.6 x 10'%/h and E, is equal to
2.08 x 10° N.m/kg. The third modification factor, f3(R), is to account
for the reduction in the concrete porosity due to carbonation prod-
ucts. This reduction can be considered as:

f3(R)=1-R" (33)

where m is a constant assumed equal to 1.0 and R is the degree of car-
bonation. The degree of carbonation is determined as the ratio of ac-
cumulated CO, already reacted with Ca(OH), to the maximum
possible concentration of reacted CO, in the concrete. Experimental
tests on the carbonated OPC show that the capacity of the concrete
for the concentration of reacted CO, can be estimated as a function
of the cement content and concentration of CaO in the cement [39].

The last term in Eq. (30) is the f4(B) and represents the availability
of CO, in the concrete for the carbonation process. This factor ranges
between 0 for the cases with no CO, penetration and 1 for the cases
that CO, concentration is on the maximum level equal to the atmo-
spheric concentration, [CO;]eny. Depending on the CO, content at dif-
ferent depths of the three-dimensional model, this modification
factor can be calculated as:

Cco
f4 (B) - [COZ]Zenv i

(34)

As stated earlier in the moisture transport mechanism, the carbon-
ation reactions also result in the generation of water. This phenomenon
was introduced into the moisture transport model (Eq. (14)) using
0Hg/0t. The equation given in [35] calculates this term as follows:

%:(X]agfl(H)fz(T) 3(R)f4(B) 55

where all the modification factors are similar to those included in
Eq. (30). The only different coefficient in Eq. (35) is a5, which is assumed
equal to 0.0017 according to [35].

Based on the explained procedure for the calculation of the pa-
rameters of Eq. (26), the physical carbonation process is simulated
in the ANSYS program as a transient thermal problem. The thermal
parameters required for the analysis are obtained from their analo-
gous carbonation parameters following Eq. (26). Comparing the
heat transfer model with the carbonation governing equation, it is
found that while the material density, p, and specific heat capacity,
¢, need to be equal to 1, the thermal conductivity, k;, and the heat
generation rate, ¢, are replaced with the CO, diffusion coefficient,
Dg, and the CO, consumption rate, qp,, respectively. Since both the dif-
fusion coefficient and consumption rate highly depend on the state of
carbonation, it is required to update the model parameters at each
time step considering all the nonlinearities and time-dependent char-
acteristics of the influential factors.

For the initial condition of the transient field problem, it is assumed
that the concentration of CO, inside the three-dimensional model is
zero before the analysis starts. Furthermore, a constant CO, concentration
is assigned to the top surface of the model as the boundary condition. This
boundary condition represents the atmospheric concentration of carbon
dioxide, [CO5]eny, and it is assumed equal to 0.0012 kg/m> of concrete.
Given the initial and boundary conditions, the transient thermal analysis
is performed on the three-dimensional model of the concrete member
to find the concentration of CO, over the nodes and elements of the mem-
ber. The CO, content data are stored at each time step and then used as
initial conditions for the next time step of analysis.

Fig. 11 demonstrates the expected change in the CO, content at dif-
ferent depths of the concrete model during a 50-year period. Similar to
the moisture transport mechanism, there is a variation of CO, content
from one layer to another one because of the diffusion characteristics.
Furthermore, a periodic fluctuation is observed in the CO, content at
any given depth. This is due to the periodic trend of the external param-
eters like ambient temperature and relative humidity. The CO, diffusion
coefficient estimated at different depths of the concrete model is shown
in Fig. 12 for the same period of 50 years. Since the diffusion coefficient
is also a function of various internal and external parameters, both spa-
tial and temporal variability of this parameter are taken into account
through the proposed procedure.
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7. Estimation of chloride content and corrosion initiation time

Considering the discussed methodology for the transient thermal
analysis, the governing equation for the chloride diffusion process
(Eq. (3)) can be rewritten as:

div (D g grad (G ) ) = & (36)

where D¢ gir is @ function of the evaporable water content, chloride
binding capacity, and chloride diffusion coefficient. All these parame-
ters were explained in the previous sections and it was shown that
they introduce nonlinear time-dependent characteristics to the pro-
cess. As a case in point, the chloride diffusion coefficient, D, is mod-
ified by a number of influential parameters according to Eq. (7). The
modification factors of this equation are calculated from Egs. (9),
(13), and (20) for the ambient temperature, relative humidity, and
carbonation process, respectively. Furthermore, two last terms of
Eq. (7) can be obtained from:

(I) Age of Concrete:
Concrete aging may cause a reduction in the chloride diffusion
coefficient. Due to the progress of hydration reactions with
time, the porosity of cement decreases. This slows down the dif-
fusion process, especially during the initial life of the concrete.

According to [25], the effect of age of the concrete on the chloride
diffusion coefficient, F4(t.), is estimated as:

Fy(te) = (tr—ff>r (37)

where t,fis the reference time (equal to 28 days), and r, the em-
pirical age factor assumed to equal 0.04.

(I) Free Chloride Content:
In spite of the consideration of free chloride content in the calcu-
lation of the chloride binding capacity, some studies consider the
effect of free chloride content on the chloride diffusion coeffi-
cient [23,45]. This modification factor can be expressed as:

F5(Cp) = 1=K (Cp)" (38)

where kand n are empirical parameters, equal to+/70 and 0.5, re-
spectively. Based on Eq. (38), the time-dependent free chloride
content is directly related to the diffusion coefficient and needs
to be updated during the diffusion process at desired time steps.

The chloride diffusion process is simulated by using the transient
thermal analysis of the ANSYS program. For this purpose, the thermal
parameters required for the analysis are interpreted as their analo-
gous chloride diffusion parameters following Eq. (36). This equation
indicates that the D¢ qifr is equivalent to the thermal conductivity,
k., while the material density, p, and specific heat capacity, c;, are as-
sumed equal to 1. It is also worth mentioning that the heat generation
rate, gy, is equal to zero because there is no source of generation or
consumption of the chloride ions in the concrete mixture.

At the beginning of analysis (t=0), the free chloride content
within the entire depth of the three-dimensional model is considered
to be zero. This is valid by assuming that no chlorides have been
added to the concrete mixture. The boundary condition is applied to
the top surface of the model where C; is the surface chloride content.
The surface chloride content may depend on various parameters, such
as the location of the structure, orientation of its surface, chloride
concentration in the environment, and the general conditions of ex-
posure to the rain and wind [7].

According to [17,25], a surface chloride content of 17.7 kg/m> (of pore
solution) simulates the complete submersion in seawater while this
value increases to 90 kg/m> (of pore solution) for tidal or splash zones.
The surface chloride content due to the sea salt spray has a smaller
value and can be assumed as a function of distance from the coastline.
Based on a field study on a group of 1158 bridges, [26] suggested a
range of 0.03 to 2.95 kg/m> (of concrete) for surface chloride content at
bridges located in the coastal zones. [41] also collected a set of data
from the Mediterranean coasts and indicated a surface chloride content
of 7 kg/m? (of concrete) for structures located on the coast. For the pre-
sent paper, it is assumed that the structures under study are located at
a close distance from the coast and the sea salt spray is the only mode
of exposure to chloride ions. As a result, the surface chloride content
has been taken equal to 3.5 kg/m? (of concrete). It should be noted that
although a constant value for the surface chloride content has been
used in this study, the developed framework is capable of considering
the temporal and spatial variation of this parameter.

Based on the discussed initial and boundary conditions, the tran-
sient field problem is solved at each time step to determine the free
chloride content at various depths of the three-dimensional model.
During each time step, the transient analyses for heat transfer, mois-
ture transport, and carbonation process are also conducted to update
the parameters of the chloride diffusion process before the next step.
Within a 50-year period, the extent of chloride penetration into the
concrete has been demonstrated in Fig. 13. Furthermore, changes of
the free chloride content and chloride diffusion coefficient at different
depths of the model have been illustrated in Figs. 14 and 15, respec-
tively. As expected, the chloride content has a layer-by-layer variation
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Fig. 13. Extent of chloride penetration into the concrete member after 1, 25, and 50 years.

while there is a minor fluctuation in the calculated chloride content at
any specific depth [37].

Using the binding isotherms introduced earlier, the total chloride
content can be obtained from the calculated free chloride content
(Egs. (1) and (4)-(6)). The total chloride content at different time
steps is used to estimate the corrosion initiation time, t;,;. The corro-
sion initiation time is determined as the time when the chloride con-
centration near the steel rebars reaches the threshold chloride
concentration. This means:

Ct(tiniv dc) = Ccritical (39)

where d. is the depth at which the rebars are placed (usually equal to
the concrete cover depth). In Eq. (39), the Cuiticar is the threshold
chloride concentration causing depassivation of the concrete protec-
tion film and initiation of the corrosion process. There have been a
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Fig. 15. Chloride diffusion coefficient estimated at different depths of the concrete model.

number of research efforts during the past three decades to deter-
mine an appropriate threshold for the critical chloride content
based on the corrosion science parameters [3]. Fig. 16 demonstrates
a summary of data available in the literature regarding the measured
or suggested values for the critical chloride concentration. For this
study, the critical chloride concentration is considered to be 1% of
the cement weight, which is assumed as equal to 350 kg/m>,
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Fig. 16. A summary of data available in the literature for the critical chloride concentration.
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The profiles of the total chloride content given in Fig. 17 can be used
to evaluate the corrosion initiation time. Assuming the threshold value
as 3.5 kg/m> (1% of cement weight), the initiation time is estimated as
20 years given that there are adequate corrosion conditions. To evaluate
the effect of the concrete cover depth on the corrosion initiation time,
different cover depths of 40, 50, and 60 mm are considered in this
study resulting in a corrosion initiation time of 13.9, 23.2, and
34.8 years, respectively (Fig. 17). It is found that the corrosion initiation
times obtained from the developed framework lie well within the ob-
served range of initiation times for similar cases [23]. Considering the
fact that the structural degradation mainly occurs after the corrosion
initiation, a more realistic estimation of the corrosion initiation time im-
proves the accuracy of the performance assessment of RC members
over their life-cycle. Furthermore, since the calculation of the chloride
content has been performed considering all the nonlinear time-
dependent characteristics of the corrosion process, the developed
framework can be further used to assess the actual extent of degrada-
tion as a function of time.

8. Conclusions

This paper provides an integrated finite-element framework for
the prediction of corrosion initiation in reinforced concrete members
subjected to environmental stressors. It has been proven that the
penetration of corrosive agents into the concrete is affected by a num-
ber of internal and external parameters. The influential parameters
related to the concrete properties and diffusion characteristics are
categorized as internal parameters, while the ambient temperature,
relative humidity, and concentration of carbon dioxide and chloride
ions are considered as external parameters. Further investigation of
these parameters indicates that most of them have nonlinear time-
dependent characteristics and it is necessary to consider their mutual
interactions in the corrosion process.

Based on a comprehensive study of available literature and re-
sources, the current paper discusses the internal and external param-
eters in detail and incorporates both of them into the developed
finite-element framework. This framework utilizes transient thermal
analysis to simulate the four major mechanisms of heat transfer,
moisture transport, carbonation process, and chloride penetration.
To analyze these mechanisms, a coupled multi-physical environment
is defined to call each of the physical environments in turn. The time-
dependant initial and boundary conditions are applied at each time
step and the transient analysis is performed on the three-
dimensional finite-element model. The obtained results are stored
at the end of each step and the model properties are updated for
the next set of analysis. The proposed methodology calculates the
spatial and temporal distributions of temperature, relative humidity,

2 50
o
g 45
o
© 40
.—
¢',O
(3 3.5
)
= 3.0 —Depth =4 cm
-
c 25 —Depth =5 cm|—|
2 / / -
c Val —Depth=6cm| |
o 20
o
ﬁ 15
S 1.0
S
= 0.5 13.9 years H 23.2 years 34.8 years
S 0.0 M ] A . ] .
L 0 10 20 30 40 50

Time (year)

Fig. 17. Profiles of total chloride content at different cover depths of 40, 50, and 60 mm.

carbon dioxide and chloride content within the entire model. This is
achieved while particular characteristics of various physical environ-
ments along with their mutual correlations are all taken into account.

While the assumptions and equations given in this paper are sup-
ported by the literature, each of the explained physical environments
can be further customized by complementary experimental data col-
lected for a specific structure/region. This makes the developed frame-
work general and adjustable for various exposure conditions. The
framework proposed in this study is directly used to obtain a more ac-
curate estimation of the chloride content and corrosion initiation time
in a reinforced concrete member. This study can also be extended to
evaluate the extent of structural degradation or crack propagation in
reinforced concrete structures subjected to multiple environmental
stressors.
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