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ABSTRACT: In this study, the service life of repaired concrete structures under marine
environment is predicted by considering the mechanism of chloride ion diffusion based on the
partial differential equation (PDE) of the Fick’s second law. The one-dimensional PDE cannot
simply be solved, when those concrete structures are cyclically repaired with two repair
strategies; cover replacement or silane treatment. The difficulty is encountered in solving
nonlinear chloride ion concentration and space-dependent diffusion coefficient after repairs. In
order to remedy the difficulty, the finite difference method is used. By virtue of numerical
computation, the nonlinear chloride ion concentration can be treated point-wise. And, based on
the Crank-Nicolson scheme, a proper formulation embedded with space-dependent diffusion
coefficient can be derived. By using the aforementioned idea, space- and time-dependent
chloride ion concentration profiles for concrete structures under diffeent repairs can be
determined, and their service life can be predicted in addition to their associated cost. Finally,
numerical examples are presented for comparison.

1 INTRODUCTION

Chloride attack is considered as one of the important factors in the deterioration process of
concrete structures. When the threshold amount of chloride ions at the surface of reinforcement
is reached in combination with enough oxygen and moisture, steel corrosion may take place
probably resulting in concrete cracking and decreasing the bond strength between concrete and
reinforcement. And, the debonding would subsequently reduce the flexural or shear strength of
structures. As a result, the corrosion of reinforcement adversely affects the safety and
serviceability, and shortens the service life of concrete structures.

To prevent the structural deterioration, an appropriate maintenance strategy is desired
(Petcherdchoo 2015). In this study, the strategy to slow down the rate of corrosion by applying
cyclic repairs is considered, i.e., either concrete cover replacement or silane treatment.

In predicting the service life of repaired concrete structures, a quantitative assessment of
chloride transport is preferable (REHABCON. 2004). Here, the chloride transport by diffusion
based on the Fick’s second law is considered. There are two principal mechanisms of interest;
chloride ion penetration in concrete without repair, and that with repairs. These two mechanisms
have widely been studied by researchers (e.g., Vaysburd and Emmons 2004, Petcherdchoo
2018). In the first mechanism, the initial surface chloride ion concentration and the diffusion
coefficient were assumed constant. By these two assumptions, 1-D PDE was analytically
solved. However, the two assumptions cannot be held, when the second mechanism is faced
after either replacing concrete cover or treating concrete surface with silane. In order to break
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down these difficulties, the Crank-Nicolson based finite difference method is introduced as
explained below.

2 CHLORIDE IONS IN REPAIRED CONCRETE STRUCTURES

2.1 With concrete cover repairs (CR)

From REHABCON (2004), concrete cover replacement is defined as an action causing removal
of original concrete cover and replacement by new materials, e.g., concrete, polymer-based
material etc. For this, there are two main steps for chloride ion penetration over the lifetime of
concrete structures:

2.1.1  Chloride ion penetration through the original concrete

The fundamental 1-D PDE for chloride ion diffusion from the outer surface through the original
concrete (Crank 1975) can be written as
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where C is the chloride ion concentration as a function of position x and time t, and D is the

diffusion coefficient. With proper initial and boundary conditions, Eq. (1) can be solved
analytically (Saetta et al. 1993).

(1)

A Crank-Nicholson numerical scheme for Eq. (1) can be written (von Rosenberg 1969) as
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where cy, is, in a general form, the chloride ion concentration at a mesh point x and time t. And,
Ax and At are the size of the mesh point (2 mm) and incremental time step (1 week),
respectively.

2.1.2 Chloride ion penetration and redistribution after cover replacement.

Let consider Figure 1a. At time ti, concrete cover is initially taken off as deep as the distance of
Xp (or repair depth), and consequently the chloride ions inside the cover are also taken off. Then,
a repair material and an adhesive material are replaced for the taken-off concrete.

After that, there are three principle stages as shown in Figure 1b. First, when the chloride ions in
the original concrete are about to redistribute through the repair material and the adhesive
material, the problem will involve in solving the PDE with nonlinear initial chloride ion profile
at time t;, or C(X,t).

Secondly, when the redistributing chloride ions penetrate from the original (old) concrete to the
repair material and the adhesive material, the problem involving space-dependent diffusion
coefficient, or D(x), will be encountered due to the difference of diffusion coefficients among
the original concrete, repair material, and adhesive material. Mathematically, the PDE based on
the Fick’s second law for this problem can be written as
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Thirdly, when the penetrating surface chloride ions merge with the redistributing chloride ions
at the point xm, the problem in solving the PDE will again be faced. It will be even more
complicated, if the number of repairs is more than one.
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Figure 1. Chloride Profile after Concrete Repair (REHABCON 2004).

In order to avoid all the aforementioned difficulties, the Crank-Nicolson based numerical
scheme is proposed for computation. Let consider the three stages as a whole. The problem only
involves the diffusion of chloride ions through the materials having different diffusion
coefficients. Hence, the numerical solution for Eq. (3) can be formulated (Press et al. 1996) as

Cijn —Cij _ 1 lDi+l/2 (Cm -G ),j+1 -Diyp (Ci —Ciy ),j+1 J + le/z (Cm -G ),j -Diyp (Ci —Ciy )JJ
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where Di+12 = (Dj + Di+1)/2 and Di.ip = (Di.1 + Dj)/2. It is noted that if the diffusion coefficients
are constant, Egs. (3) and (4) will reduce to Egs. (1) and (2), respectively.

4

In numerical computation, when the concrete cover is replaced over the depth x, its diffusion
coefficient will be updated, e.g., (Dx)o = (Dx)cr. It is noted that (Dx)o and (Dx)cr are defined as
the diffusion coefficient of original concrete and repair material, respectively, at the depth x. By
making use of the finite difference method, nonlinear chloride profile can be treated point-wise,
so the problem involving nonlinear chloride ion profile can be solved.

2.2 With silane treatments (SL)

From NCHRP-558 (2006), silane treatment is categorized as a kind of penetrating sealers which
react with the pore structure within hardened concrete to create a nonwettable or hydrophobic
surface (Petcherdchoo 2019). There are two steps over the service life of silane-treated concrete
structures as follows

2.2.1  Chloride ion penetration through the original concrete

For chloride ion penetration from the outer surface through the original concrete, Egs. (1) and
(2) can be used.
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2.2.2 Chloride ion penetration through silane treated and original concrete

Let consider Figure 2 At time t;, silane treatment is applied at the surface of concrete. Hence,
silane will react with the pore structure as deep as the distance x, (or repair depth). This will
result in the problem involving space-dependent diffusion coefficient, or D(x), due to the
difference of the diffusion coefficient of the silane-treated concrete and the original concrete.
So, the PDE for this diffusion problem is similar to Eq. (3). Hence, Eq. (4) can be used, and the
diffusion coefficient of silane-treated concrete can be updated after repair. However, the
remaining chloride ions in the silane-treated concrete are not updated, because they are not
removed during silane treatment.
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Figure 2. Chloride Profile without and with Silane Treatment (NCHRP-558 2006).

3 PARAMETERS AND NUMERICAL EXAMPLES

3.1 Surface chloride ion concentration

The surface chloride ion concentration, which is a boundary condition in computation, depends
on many factors, for example, the distance of structures from the sea, the region of structures or
exposure condition (i.e., atmospheric, tidal, splash, or submerged zones), and concrete mix or
properties (Costa and Appleton 1999). According to these factors, several forms of surface
chloride functions were proposed (see Uji et al. 1990, Petcherdchoo 2017). In this study, the
constant surface chloride ion concentration is chosen as 7.89 kg/m® according to obtained from
field tests on concrete structures located at the sea (Yokota and Iwanami 2006).

3.2 Diffusion coefficient of materials

The corrosion of concrete structures is directly related to the resistance or diffusion coefficient
of concrete. The diffusion coefficient depends on material types, e.g., concrete, polymer-based
material, silane treated concrete etc.

In this study, the diffusion coefficient of the original concrete and concrete cover repair material
is chosen as 2.19x10"® cm?/s (from field tests by Yokota and Iwanami 2006) and 80% of the
original concrete, respectively, while that of silane-treated concrete is adopted form Shimomura
(2005) as shown in Table 1. It is noted that the diffusion coefficient of silane treated concrete in
Table 1 is compatible to the test results of Medeiros and Helene (2009) which stated that
treating concrete by silanes could reduce the diffusion coefficient by 9% to 86%.
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Table 1. Diffusion coefficient of materials

Material Diffusion coefficient (cm?/s)
Original concrete 2.19x10®

Repair material 1.752x108

Silane treated concrete 0.6351x10°®

3.3 Application time and lifetime of repairs

Concrete cover replacement is applied whenever the chloride ion concentration at a threshold
depth reaches a critical value (threshold based), while silane treatment is applied according to a
specific cyclic time (time based). For concrete cover replacement, JSCE (2002) defined the
critical value of 1.2 kg/m® as a value to initiate reinforcement corrosion. Moriwake (1996)
defined the critical value of 2.0 kg/m? as a value to initiate concrete cracking. Here, the critical
value is chosen as 1.2 kg/m® for corrosion control (CR1) and 2.0 kg/m?* for crack control (CR2)
as shown in Table 2. For silane treatment, NCHRP-558 (2006) stated that its service life
depends on exposure conditions, e.g., ultraviolet light, moisture, and surface wear. And, it
ranges from 5 to 7 years before reapplication. Accordingly, the application time of silane
treatment is chosen as every 7 years (SL1) or every 5 years (SL2), while its lifetime is chosen as
5 years after application as shown in Table 2. It is noted that silane treatment in SL2 is applied
every 5 years or at the end of the lifetime of the previous application to keep its effect active
continuously.

Table 2. Application times and lifetime of repairs

Repair actions Type Time of repair application Lifetime

Cover CR1  whenever Clryr = 1.2 kg/m®>  whenever Clmur = 1.2 kg/m® again
replacements CR2  whenever Clryr =2.0 kg/m®>  whenever Clmyr = 2.0 kg/m® again
Silane SL1  every 7 years 5 years after the application
Treatments SL2  every 5 years 5 years after the application

Note: Clmgr means chloride ion concentration at the threshold depth TH and at the time of
repair application T.

34 Numerical Examples

There are two numerical examples; (1) concrete structures with concrete cover replacement, and
(2) those with silane treatment. And, the threshold depth is selected as 80 mm for concrete
structures in the marine environment (JSCE 2002). Moreover, the adhesive material and the
effect of interfacial zone between the original concrete and repair material are neglected.

3.4.1 Concrete Cover Replacement (CR)

With all the aforementioned data, the chloride ion diffusion through the depth of the concrete
structure can be predicted as shown in Figures 3a and b. From Figure 3a, the chloride ions
penetrate through the original concrete with the surface chloride of 7.89 kg/m’, after the time
passes by. In the 315 week after 22 years, the chloride profile reaches the critical value at the
threshold depth as shown by the profile at year 22B (B : before repair). With concrete cover
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replacement, the chloride profile will become the profile at year 22A (A : after repair) in Figure
3b. At year 23, the chloride ions from the surface will penetrate through the concrete (as shown
by the profile near the surface), and the remaining chloride ions in the original concrete will
both redistribute through the repair material and penetrate through the original concrete (as
shown by the profile near the threshold depth). After that, the process of chloride ion diffusion
still continues. Whenever, the profile reaches the critical value again, the same repair process
will be repeated till the end of the consideration time.
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Figure 3. Space dependent chloride profile with 80 mm concrete cover replacement.

The time-dependent chloride profiles with concrete cover replacement can be plotted at 80 mm
cover depth as shown in Figure 4. With no repair, the chloride ions will cause corrosion
initiation in the concrete structure. If the service life of the concrete structure is defined as the
time which the chloride ion concentration at the 80-mm cover depth reaches 1.2 kg/m* (CR1) or
2.0 kg/m? (CR2), the service life is approximately equal to 22 years for corrosion control or 36
years for crack control, respectively.
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But if concrete cover replacement is applied for corrosion control or at the time which the
chloride profile reaches 1.2 kg/m® in year 22, the service life can be prolonged by 26 years
before reaching the critical value again at year 48 as shown in Figure 4. It is noted that at the
repair time, the chloride ion concentration decreases to zero due to removing the chloride ions
with concrete. However, the chloride ion concentration suddenly increases, because of
immediate redistribution of chloride ions from the original concrete. At year 48, the chloride
profile reaches the critical value again, the same kind of repair as the first repair is reapplied. It
is observed that two cover replacements result in prolonging the service life of the structure over
50 years. It is also noted that the diffusion of chloride ions in concrete structures with corrosion
control (CR1) is different from that with crack control (CR2) in spite of the same kind of repair.
On the other hand, the concrete structure with crack control need fewer repairs leading to lower
repair cost, but allows more deterioration which need more attention and higher cost in the
future due to risk of failure.

3.4.2 Silane Treatment (SL)

In the second example, silane treatment is used instead of concrete cover replacement. The
space-dependent chloride profile can be shown as similar to Figure 2, so not depicted here The
time-dependent chloride profile at the 80-mm cover depth can be drawn as shown in Figure 5.
With silane treatment applied every 7 or 5 years (denoted as SL1 and SL2, respectively), the
service life of corrosion control concrete structures can be prolonged by about 8 or 19 years,
respectively, while that of crack control can be extended more than 50 years. Thus, the concrete
structure is free of crack for 50 years.

3.4.3 Comparison

From the previous sections, it is noted that the effect of cover replacement result in eliminating
the chloride ions in concrete cover, while that of silane treatment result in retarding the
penetration of chloride ions. However, the question is which one is more cost-effective. Based
on the opinion of structural repair experts, e.g., Frangopol et.al. (2004), the cost of concrete
repair is found to be as high as 15 times that of silane treatment. For consideration, let the cost
of one concrete cover replacement be 150 unit, and that of one silane treatment be 10 unit. As a
result, during 100 years, the cost of CR1 and CR2 is equal to 300 (applied twice) and 150
(once), respectively. However, the cost of SL1 and SL2 is equal to 70 (7 times) and 100 (10
times), respectively. Therefore, if the cost and corrosion control is needed, the optimum one is
CRI1. But if the cost and crack control is needed, the optimum one is SL1.

4 CONCLUSION

From the study, it is found that concrete cover replacement can be used for controlling the
corrosion or crack in concrete structures by limiting the amount of chloride ion concentration at
a threshold depth, while silane treatment is used for prolonging the time which the chloride ion
at a specific threshold reaches the critical value.

According to this study, if the control of cost and corrosion controls are needed, the optimum
one is CRI1. But if the cost and crack controls are needed, the optimum one is SLI1. It is
recommended that more rigorous data of cost is required for study in order for more promising
prediction of the total repair cost.
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