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In the present investigation, service life of a reinforced concrete column exposed to chloride environment has been predicted.
This study has been based on numerical simulation of chloride ion diffusion in a concrete column during its anticipated life span.
The simulation process has included the concrete cover replacement whenever chloride ion concentration has reached the critical
threshold value at the reinforcement surface. Repair scheduling of the concrete column under consideration has been discussed.
Effects of the concrete cover thickness and the water cement ratio on the service life of the concrete column at hand have been
presented. A new approach for arranging locations of reinforcement steel bars has been introduced. This approach is intended to

prolong the service life of the concrete column under consideration against chloride induced corrosion.

1. Introduction

Chloride ion penetration into concrete structures is a major
cause of reinforcement steel corrosion. Corrosion of rein-
forcement steel shortens service lives of concrete structures
for it causes concrete cracking, reduction of reinforcement
cross sectional area, reduction in material strength, reduction
in steel ductility, and loss of bond between reinforcement
and concrete. Appropriate and periodic maintenance of
reinforced concrete structures helps prolong their service
lives and improves their durability. Onset of chloride-induced
corrosion has been believed to take place when the value
of chloride ion concentration at the reinforcement surface
exceeds a certain value known as the critical threshold level,
CTL. Replacement of the concrete cover before the onset of
corrosion takes place protects the concrete structure, extends
its service life, and hence improves its safety. Ann and Song [1]
have discussed the state of art on the CTL for steel corrosion
in concrete in regard to its measurement, representation, and
influencing factors. In their study, Ann and Song [1] studied
several methods used to raise CTL values, including the use
of corrosion inhibitors, coating of steel, and electrochemical
treatment.

Theoretical simulation of chloride ion penetration into
concrete structures is a powerful tool for setting up proper
maintenance schedule of structures. This task has captured
the attention of several researchers. Many of these researchers
have presented analytical solutions for the problem of chlo-
ride ion diffusion into concrete structures. Among these
researchers are Crank [2], Cady and Weyers [3], and Thoft-
Christensen and Hansen [4]. All these solutions have been
based on the one-dimensional conservation of species equa-
tion, coupled with FicKs law of diffusion, with constant
diffusion coefficient. The source of chloride ion has been
represented by a prescribed surface ion concentration at the
boundary of the concrete structure under investigation. The
boundary chloride ion concentration was considered either
constant [3, 4] or time dependent [2]. Based on the analytical
solution presented by Crank [2], Kassir and Ghosn [5] have
discussed the onset of corrosion of reinforced concrete bridge
decks. In their investigation, Kassir and Ghosn [5] have used
a prescribed, time dependent boundary ion concentration
which was empirically introduced by Weyers et al. [6].

The service life and maintenance of a concrete structure
exposed to chloride ion environment have been investigated
by Song et al. [7]. Their investigation was based on numerical
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FIGURE 1: Schematic diagram of a cross section of the column under
consideration.

solution of the one-dimensional diffusion problem with time
dependent diffusion coeflicient, as well as time dependent
boundary ion concentration. The authors presented chloride
ion profiles within a concrete structure before and after
multiple replacements of its concrete cover.

In a recent study, Alqam [8] has introduced a transient,
two-dimensional simulation of chloride ion diffusion in a
concrete column. The authors considered a concrete column
with a rectangular cross section exposed to a prescribed,
time dependent surface ion concentration. The surface ion
concentration was applied to the four boundaries of the cross
section of the column. In the study, Algam [8] has concluded
that regions closest to the corners of the column cross section
are more susceptible to chloride ion penetration than regions
far from the corners. Based on this conclusion, one should
set the repair schedule of a reinforced concrete column based
on times required for onset of corrosion to take place at steel
bars located nearest to the column corners. One-dimensional
modeling of chloride ion diffusion into concrete structures is
incapable of capturing diffusion activities near the corners of
a concrete column.

In the present work, it is intended to discuss service lives
and repair of reinforced concrete columns under chloride
ion exposure from all column boundaries. This will be
accomplished by conducting a transient, two-dimensional
simulation of the conjugated chloride diffusion into a con-
crete column and its concrete cover.

2. Present Model

A schematic diagram of the cross section of the concrete
column under consideration is shown in Figure 1. The figure
shows a column with a width of 2w and a depth of 2d. The
present mathematical model considers the unsteady, two-
dimensional diffusion of chloride ion into the concrete cover
and the concrete column under consideration. A prescribed
time dependent chloride ion concentration, C(t), is applied
to the four outer surfaces of the present column as shown in
Figure 1. The four outer surfaces of the present column are
located at x = 0, the left surface, x = 2w, the right surface,
y = d, and the upper surface, and y = —d, the lower surface.
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As shown in Figure 1, the concrete cover has a thickness of
CT and it is designated by the hatched area.

In the present work, prediction of the service life and
repair schedule of a reinforced concrete column has been
based on computation of chloride ion concentration at
the inner surface of the concrete cover. Due to the two-
dimensional character of the present diffusion problem,
values of chloride ion concentration at the inner surface of
the concrete cover are space dependent. Based on the study by
Algam [8], the value of chloride ion concentration reaches the
CTL value at the inner corners, such as point g, of the concrete
cover long before it reaches the CTL value at other locations
at the reinforcement surface, such as point f. Consequently,
the time for concrete cover replacement has been defined,
here, as the time elapsed before chloride ion concentration
has reached the CTL value at the inner corners of the concrete
cover. Transient simulation of chloride ion concentration
continues after each repair by considering a fresh concrete
cover that is free of chloride ion at the time of repair. The
diffusion coeflicient of chloride ion into concrete, D, has been
considered time dependent due to the effect of concrete aging.
Right after each repair, the value of the diffusion coefficient of
chloride ion into the concrete cover, D, will have a different
value than that for the column concrete because each will
have a different age.

The present computations have been carried out based
on finite difference solution of the conservation of species
equation, coupled with FicKk’s law of diffusion with time
and dependent diffusion coefficient. The current governing
equations, cast in Cartesian coordinates, take the following
form.

Chloride ion diffusion in the concrete column is as

follows:
JoC 0 oC 5] oC
= -2 (D= )+ = (D=,

ot ax< ax>+ay< 8y> g

Chloride ion diffusion in the concrete cover is as follows:

C_0(pI) 0 (p)
ot  oOx 0x oy Jy

The value of the diffusion coeflicient of chloride ion into
concrete is influenced by the aging process of concrete.
Song et al. [9] have reported that the process of cement
hydration over time results in connection and condensation
of concrete pore structures and consequently affects the
value of the diffusion coefficient. In the present model, the

diffusion coeflicient is considered a decaying function of time
according to the following equations [9]:

t m
D= DR<TR> , for t <30 years

t m
D= DR<—R> , for t > 30 years,

lim

where t;.. = 30 years, Dy is the diffusion coefficient at a
reference time, and t; = 28 days. The value of m is considered
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0.2 which represents zero content of fly ash and slag [7]. The
value of Dy, is represented as a function of the water cement
ratio, w/c, as

Dy = 101206+ 2.4w/c) (4)

After each repair, a fresh concrete cover replaces the old one.
The computational time for the new concrete cover is reset
to zero for calculating the value of D, using (3)-(4), while
the value of D for the original concrete column is calculated
based on the original time scale.

The value of the surface chloride concentration, C,(t),
depends on many factors, including the ambience of the
structure and the distance between the structure and the
sea [10]. Several closed form expressions for C,(t) that were
developed by previous investigators have been reported by
Song et al. [7]. In the present work, the time dependent
surface chloride ion concentration, C(t), based on the closed
form solution developed by Song et al. [9] has been be
considered, where C(t) takes the following form:

C.t)=aln(Bt+1), (5)

where 3 = 3.77 year '. The value of « is given according to
the distance between the structure and the sea, such that « is
1.52, 0.76, and 0.51, for distances between the structure and
the sea of 0, 100 m, and 250 m, respectively.

Since similar boundary conditions are applied to the four
boundaries of the solution domain, the anticipated chloride
ion concentration profiles will have mirror image symmetry
around both the horizontal and the transverse axes that pass
through the center of the cross section, point O, shown in
Figure 1. Due to this symmetry, the solution domain of the
present governing equations has been limited to the upper
left quarter of the column cross section with 0 < x <
w,and 0 < y < d. The present boundary conditions
resemble the application of a prescribed surface chloride ion
concentration, C,(t), at the left boundary, x = 0, and the
upper boundary, y = d. Solution symmetry around the
transverse axis that passes through the point O is represented
by assigning 0C/0x to zero for x = w, while 0C/dy has
been set to zero for y = 0 in order to represent the solution
symmetry around the horizontal axis that passes through the
point O. For an initial chloride ion concentration of zero,
the set of initial and boundary conditions are summarized as
follows.

Initial Chloride Ion Concentration. Att = 0,and 0 < x < w,
and0< y<d

C(x,59,0)=0,
(6)
C.(x,y,0)=0.

Prescribed Chloride Ion Concentration at the Left Surface. At
x=0,and0< y<d,andt >0

Ce (0, y,) = C (1) . (7)

Prescribed Chloride Ion Concentration at the Upper Surface. At
y=d,and0 <x <w,andt >0

C.(x,d, 1) = C (1) (8)

Symmetry of Chloride Ion Concentration around the Trans-

verse Center Axis. At x = w,and 0 < y <d - CT,andt >0
oC
— =0. 9
I )

Atx =w,andd -CT <y <d,andt >0

P _o. 10
o 0 (10)

Symmetry of Chloride Ion Concentration around the Horizon-
tal Center Axis. At y =0,and CT < x <w,andt >0

oC

-0

3 (11
Aty=0,and0 < x <CT,andt >0

oC

—< =0.

5 (12)

Continuity of Chloride Mass Flux at the Upper Interface. At
y=d-CT,andCT < x <w,andt >0

aC _oC
= =D,—=.
5 ~ Do (13)

Continuity of Chloride Mass Flux at the Left Interface. At x =
CT,and0<y<d-CT,andt >0

Da_czDacc

. 14
Ox € 0x (14)

Continuity of Chloride Ion Concentration at the Upper Inter-
face. At y=d - CT,andCT < x <w,andt >0

C(x,d - CT,t) = C. (x,d - CT, ). (15)

Continuity of Chloride Ion Concentration at the Left Interface.
Atx=CT,and0< y <d-CT,andt >0

C(CT, y,t) =C.(CT, y,t). (16)

3. Computations

The present governing equations have been solved using
a standard explicit finite difference technique. Central dif-
ferencing has been applied to all spatial derivatives, while
temporal derivatives have been discretized using forward
differencing. A uniform spatial grid has been applied to the
present solution domain where Ax and Ay are the grid step
sizes in the horizontal, x, and the transverse, y, directions,
respectively. The transient solution of the present governing
equations has been carried out using typical time marching
with a uniform time step of At.
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FIGURE 2: Effect of the spatial grid step size, Ax and Ay, on the
gradient of the chloride concentration at the left boundary, x = 0,
for y = 0,¢ = 1 year, and a time step At = 8000s.

The current computations have been performed for a base
case with model input parameters that represent a typical
reinforced concrete column exposed to a severe chloride
environment. Unless stated otherwise, figures exhibited in the
present investigation have been constructed using the model
input parameters of the base case. These parameters include
w=04m,d = 02m, CT = 75mm, w/c = 0.3, and zero
distance between the considered structure and the sea.

A grid sensitivity analysis has been performed in order
to select appropriate values of Ax, Ay, and At for all
the computations throughout the current investigation. The
sensitivity of the value of chloride ion concentration gradient,
CG,,, to the spatial grid step size, Ax and Ay, has been shown
in Figure 2 for At = 8000 s. The value of CG,, has been calcu-
lated at the center point of the left boundary, x = 0 and y = 0,
and att = 1 year. Using this figure, the present spatial grid has
been set up with Ax = Ay = 1 mm. Having chosen values of
Ax and Ay, the sensitivity of CG,, to At has been examined
in Figure 3. Based on Figure 3, At has been given the value of
1000 s throughout the entire present computations.

4. Discussion of Results

In order to examine the present code, a comparison between
the present code computations and those introduced by Song
et al. [7] has been constructed and exhibited in Figure 4.
The figure shows chloride ion concentration history at the
interface between the concrete cover and the concrete column
over atime span from t = 0 until the time of the second repair.
The repair is carried out by replacing the old concrete cover
by a fresh one that is free from chloride ion. The first repair
has been carried out when chloride ion concentration reaches
the CTL value at the interface between the concrete cover and
the column. The value of CTL was taken as 1.2 kg/m’ as has
been recommended by [1]. This value has been adopted in the
present investigation.

It is worth mentioning that Song et al. [7] have considered
a one-dimensional analysis that represents an infinitely wide
column that is insensitive to the end effects. In order to
reproduce the one-dimensional case studied by Song et al. [7],
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FIGURE 3: Effect of the time step size, At, on the gradient of the
chloride concentration at the left boundary, x = 0, for y = Om,
t =1year,and Ax = Ay = 1 mm.
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FIGURE 4: History of chloride ion concentration at the interface
between the concrete cover and the column. Comparison with
computations of Song et al. [7] for a one-dimensional case with
CT = 80 mm.

a zero chloride concentration gradient has been imposed
on both the upper and the lower boundaries of the present
solution domain, which are represented below.

Aty=0,andCT < x <w,andt >0

aC

3 (17)

Aty—‘ O,andOSxSCT,anthO
—C—O. 18

Aty=d,and0 < x <w,andt >0

— =0.
> (19)
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FiGURE 5: Chloride ion isoconcentration contours at t = 25
years. The figure shows six contours corresponding to chloride ion
concentrations of 1, 2, 3,4, 5, and 6 kg/m3.

Imposing the boundary conditions represented by (17)-(19)
forces chloride to penetrate in the horizontal, x, direction
only and this redeems the present problem one-dimensional.
The comparison held in Figure 4 has been performed for a
column with CT = 80mm, w/c of 0.3, and a zero distance
from the sea.

Isoconcentration contours of chloride ion at t = 25 years
have been plotted in Figure 5. The figure shows six contours
corresponding to chloride ion concentrations of 1, 2, 3, 4, 5,
and 6kg/m’. The figure shows that chloride penetration is
more severe near the corner area because of its proximity
to both external surfaces of the concrete cover. In other
words, a reinforcement steel bar located at the corner of
the column, point g shown in Figurel, is anticipated to
experience corrosion long before a bar located at the middle
of the column surface, point f shown in Figure 1. Repair
schedule is planned based on the time required for chloride
ion concentration to reach the CTL value at the inner surface
of the concrete cover. Now, one should be careful upon
planning repair schedule of reinforced concrete columns.
For example, if the arrangement of reinforcement steel bars
includes a corner bar, at point g, and a middle bar, at point f,
the repair should take place when chloride ion concentration
reaches the CTL value at point g and not f. Otherwise, the
repair time would be significantly overestimated. This idea
is further clarified by inspecting Figure 6. This figure shows
history of chloride ion concentration over 100 years with two
different repair scenarios. In the first scenario, concrete cover
is replaced when the corner bar location, at point g, reaches
the CTL value, while in the second scenario, repair is based
on the middle bar location, point f. Results shown in Figure 6
show that the first four repairs based on the corner bar take
place at around t = 26, 51, 75, and 99 years, while the first
two repairs based on the middle bar take place at around
t = 41 and 75 years. Quantitatively speaking, if the first repair
is based on the middle bar, it will take place 15 years after the
corner column has started to suffer a chloride concentration
above the CTL value.

14
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FIGURE 6: History of chloride ion concentration during the first 100
years of the columns life. Comparison between repairs based on the
middle steel bar and the corner steel bar.

Effect of the concrete cover thickness, CT, on the repair
schedule is shown in Figure7. The figure shows repair
schedule spanned over 100 years for columns with concrete
cover thicknesses over a range between 20 mm and 100 mm.
Results shown in Figure 7 give quantitative description of the
role of the concrete cover in protecting reinforcement steel
bars against chloride-induced corrosion. In the limiting case
with CT = 20 mm, one would need to perform 12 repairs
within the first 25 years, while, in the other limiting case with
CT =100 mm, repairs are suggested at around 41 and 80 years
only.

According to (3), the water cement ratio, w/c, signifi-
cantly affects the value of the diffusion coefficient, which in
turn affects chloride ion penetration into concrete structures.
Due to their exposure to severe chloride surroundings, struc-
tures built in marine environment are usually recommended
to have relatively lower water cement ratios in order to reduce
concrete porosity and, hence, reduce the diffusion coeflicient
[11]. Effect of water cement ratio on the repair schedule of a
reinforced concrete column is shown in Figure 8. It is quite
evident that water cement ratio significantly affects repair
schedule of a concrete column due to its remarkable influence
on chloride diffusion coefficient into concrete. Figure 8 shows
that, for a w/c of 0.3, only four repairs are required within
100 years of the present column life, namely, at t = 26.1, 50.6,
74.8, and 98.8 years, while, for w/c of 0.5, one would need
11 repairs within 91 years of the life of the concrete column
under consideration.

The time elapsed between two consecutive repairs
decreases slightly with time. This is caused by the backward
migration of accumulated chloride ion from the concrete
column into the fresh concrete cover at early times after each
new repair. This can be observed in Figures 4, 6, 7, and 8.

As has been shown earlier in Figure 6, there were
two approaches for column repair scheduling. In the first
approach, repair is based on the corner steel bar, while in
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F1GURE 8: Effect of the water cement ratio on the repair schedule of
the present concrete column.

the second approach repair is based on the middle steel
bar. The previous discussion showed that the later approach
resulted in overestimating the time required for proper repair,
and consequently, the first approach has been adopted in
the present investigation, and yet, it has been recommended
for preexisting concrete columns. On the other hand, at the
time of repair in the first approach, the value of chloride
ion concentration at the location of the middle steel bar,
point f in Figure 1, is still significantly below the CTL value.
The repair process would be more efficient and less costly if
chloride ion concentration reaches the CTL value at all steel
bar locations at the time of repair. This could be achieved in
newly constructed concrete columns if reinforcement steel
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FIGURE 9: Isoconcentration contours with a value of the CTL for
various values of concrete cover thicknesses. Circular fillets of the
inner concrete cover corners, each with a radius equal to the value
of CT, are overlaid. Rectangular, 800 mm by 400 mm, column.

bars are placed within a contour line that coincides with
the isoconcentration contour line. In that case, all steel bar
locations will acquire chloride ion concentrations equal to
the CTL value at the same time at which repair is scheduled.
This proposed approach requires previous knowledge of the
isoconcentration contour with a value of the CTL at the
desired time of repair before the design of reinforcement is
prepared. In that case, the concrete cover thickness, CT, is
not constant all around the column because the inner surface
of the concrete cover will follow the CTL isoconcentration
contour. In order to further explain this idea, the concrete
cover thickness, CT, is redefined as the normal distance
between the outer surface of the concrete cover and the
location of the middle steel bar, point f in Figure 1. Figure 9
has been plotted to show loci of the isoconcentration contours
corresponding to the CTL value for different values of the
redefined concrete cover thickness, CT. In Figure 9, each
contour line provides a guide line for arranging steel bars
corresponding to the concrete cover thickness. An approx-
imate rule of thumb has been proposed, for that matter,
that helps arrange reinforcement steel bars without having to
numerically compute the CTL contours. It has been observed
that a CTL contour approximately coincides with a circular
fillet at the corners of the concrete column with a radius equal
to the value of the concrete cover thickness, CT. Circular
fillets at the column corners are plotted in Figure 9 for several
values of CT overlaid on the CTL contours computed in the
present model. The proposed approach has been examined
for a concrete column with a square cross section, 50 mm by
50 mm, as shown in Figure 10.

5. Conclusions

In this work, the service life of a reinforced concrete column
exposed to severe chloride environment has been predicted.
The present study discussed the repair schedule of the
concrete column under consideration. Repair has been based
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F1GURE 10: Isoconcentration contours with a value of the CTL for
various values of concrete cover thicknesses. Circular fillets of the
inner concrete cover corners, each with a radius equal to the value
of CT, are overlaid. Square, 500 mm by 500 mm, column.

on the replacement of the concrete cover whenever chloride
ion concentration at the reinforcement surface has reached
the critical threshold value. Major findings and conclusions
are summarized below:

)

()

(©)

(4)

Due to the two-dimensional character of chloride
ion diffusion into concrete columns, one-dimensional
analysis is incapable of capturing diffusion activities
near the corners of the concrete column. The prox-
imity of the near-corner zone to the two external
surfaces of the column makes it more susceptible to
chloride attacks than other zones far from the corner
of the concrete column.

For preexisting concrete columns, concrete cover
replacement should take place whenever chloride ion
concentration reaches the critical threshold value at
the location of the steel bar nearest to the corner of
the inner surface of the concrete cover.

The service life of the concrete column under con-
sideration has been found very sensitive to the value
of the concrete cover thickness. For a concrete cover
thickness of 20 mm, 12 repairs are needed within
the first 25 years of the column’s life, while, for a
concrete cover thickness of 100 mm, only two repairs
are required for the first 91 years of the column’s life.

The water cement ratio affects significantly the service
life of the present concrete column. For a water
cement ratio of 0.3, only four repairs are required

within 100 years of the column’s life, while, for a water
cement ratio of 0.5, 11 repairs are required within the
first 91 years of the columnss life.

(5) The time elapsed between two consecutive repairs

decreases slightly with time.

(6) The service life of the concrete column under consid-

eration can be prolonged if the reinforcement steel
bars are located along an isoconcentration contour
line. In this case, chloride ion concentration reaches
the critical threshold value at locations of all steel bars
at the same time, which is the time of repair.

(7) A new approximate rule of thumb has been intro-

duced to define the isoconcentration contour line
mentioned in point (5). The rule suggests that the
isoconcentration contour line approximately coin-
cides with a circular fillet at the inner corner of the
concrete cover with a radius equal to the concrete
cover thickness.

Notation

CT: Concrete cover thickness (m)

C:  Chloride ion concentration in the concrete
column (kg/m3)

C.:  Chloride ion concentration in the concrete
cover (kg/ m?)

CTL: Critical threshold level of chloride ion
concentration (kg/ m?)

CG,,: Chloride concentration gradient, 0C,/0x,
atx = 0and y = 0 (kg/m*)

C,:  Surface chloride ion concentration
(kg/m3 )

d: Half of the column depth (m)

D:  Diffusion coefficient of chloride ion into
the concrete column (m?/s)

D.: Diffusion coeflicient of chloride ion into
the concrete cover (m?/s)

Dy: Diftusion coefficient at reference time
(m?/s)

t: Time (s)

tr:  Reference time (s)

w:  Half of the column width (m)

w/c: Water cement ratio

X: Horizontal distance (m)

y Transverse distance (m).

Greek Letters

a:  Coefficient for (4) (kg/m?)

B:  Coefficient for (4) (year )

At: Value of time step (s)

Ax: Spatial grid step size in the x direction (m)
Ay: Spatial grid step size in the y direction (m).
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