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Abstract: Chloride diffusion through concrete is influenced by harsh environmental conditions
such as high ambient temperature and relative humidity. This paper examined the influence of
temperature gradient on chloride diffusion in concrete under high ambient temperature conditions.
Chloride diffusion tests using cylindrical concrete samples were performed in constant temperature
and temperature gradient conditions. In a temperature gradient condition, a much higher chloride
concentration was measured than at constant temperatures, which could not be explained only
by the mass diffusion driven by the concentration gradient. A new analytical model of chloride
diffusion with the mass diffusion term including the temperature effect and the thermo-diffusion term
including the temperature gradient effect was applied to the results, which showed that the thermo-
diffusion contribution was significant. Using the analytical model with the mass diffusion (Dc;)
and thermo-diffusion (D) coefficients, the service life of reactor containment buildings (RCBs) in
nuclear power plants (NPPs) in the Middle Eastern and North African (MENA) region was estimated.
The results showed that the service life of the RCBs could be reduced by the temperature gradient,
indicating the possible application of the proposed analytical model.

Keywords: chloride ion; temperature gradient; thermo-diffusion; mass diffusion; reactor contain-
ment building

1. Introduction

The reactor containment buildings (RCBs) in nuclear power plants (NPPs) play an
important role as the last barrier to the release of radioactive materials. For this reason,
it is essential to ensure the integrity of RCBs. Like other materials in NPPs, RCBs suffer
from various degradation mechanisms. Alhanaee et al. [1] performed a finite element
analysis using ABAQUS to evaluate the effects of different degradation mechanisms on
the integrity of RCBs. One of the main conclusions of their study was that rebar corrosion
could be the most influential degradation mechanism. The corrosion of rebar in concrete
structures is mainly caused by carbonation and chloride ion (Cl-) ingress [2-6]. Since most
NPPs are located in coastal areas due to the supply of cooling water, it has been known
that RCBs are prone to chloride-induced corrosion due to airborne salts [7]. Moreover, the
degradation of RCBs in the Middle East and North Africa (MENA) region could be more

Energies 2022, 15, 5581. https:/ /doi.org/10.3390/en15155581

https:/ /www.mdpi.com/journal/energies


https://doi.org/10.3390/en15155581
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-1927-2474
https://orcid.org/0000-0002-8908-513X
https://orcid.org/0000-0001-5879-8084
https://doi.org/10.3390/en15155581
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en15155581?type=check_update&version=1

Energies 2022, 15, 5581

2 of 14

severe, being exposed to the harsh environments of high temperatures and high relative
humidity compared with other areas [8].

The chloride diffusion behavior through concrete is affected by environmental factors
and by internal factors. Ambient temperature and relative humidity are the major environ-
mental factors that directly affect the diffusion behavior of chloride diffusion [9,10]. The
internal factors such as pore microstructure and pore moisture distribution of concrete de-
termine paths for ionic transport. The relationship of chloride diffusion behavior with pore
scale and connectivity has been investigated [11,12]. While the pore microstructure is deter-
mined by concrete mixture and production, the effect of water-to-cement ratio, aggregate
size, and mix ratio on chloride diffusion have been investigated [13-17]. Climent et al. [18]
and de Vera et al. [19] suggested a test method for measuring chloride diffusion coefficients
through partially saturated concrete. Zhang et al. [20,21] presented an analytical model for
predicting the relative chloride diffusion coefficient at different degrees of water saturation
and pore structure. Abdelahman and Xi [15] performed an experimental study to investi-
gate the effect of the water-to-cement ratio variation and the aggregate volume fraction on
chloride diffusion coefficient in non-saturated conditions. This study focuses on examining
the effect of the temperature gradient on chloride diffusion in concrete structures, with the
goal of predicting the service life of RCBs in NPPs under harsh environmental conditions
in the MENA region.

Many studies have used Fick’s laws of diffusion to evaluate the kinetics of chloride
ion diffusion in concrete under constant temperature [9,10,17,22-25]. Recently, Isteita
and Xi [26] performed chloride diffusion experiments using a new method to evaluate
the temperature gradient effect on chloride diffusion through concrete and developed a
theoretical model characterizing the coupled chloride penetration and temperature gradient.
However, in their experiments, the mass diffusion expressed by Fick’s law of diffusion was
evaluated by test data only at room temperature, and therefore the temperature effect on the
mass diffusion was not considered. For this reason, the coupling parameter, D¢, in their
model does not seem to accurately represent the temperature gradient effect on chloride
diffusion, and it is questionable if their model could be applied to the life prediction of
concrete structures under temperature gradient conditions.

In this study, an experimental setup was established for chloride diffusion tests using
cylindrical concrete samples under high ambient temperature and temperature gradient
conditions. Moreover, we proposed a new analytical model with the mass diffusion term
including the temperature effect and the thermo-diffusion term including the temperature
gradient effect. The mass diffusion and thermo-diffusion coefficients were determined
from chloride diffusion using concrete in constant temperature and temperature gradi-
ent conditions, respectively. The tests were conducted in the fully saturated condition
of concrete pores to exclusively evaluate the effect of the temperature gradient on the
diffusion coefficients. In addition, the elevated concentration (6.14 M) of NaCl solution was
used for the accelerated diffusion tests. By applying the analysis results to the structure
variables of RCB in APR 1400 NPP, the effect of the temperature gradient on its service life
was evaluated.

2. Materials and Methods
2.1. Concrete and Test Samples

Cylindrical concrete samples with a diameter of 96 mm and a height of 80 mm were
cast using acryl tubes as a mold. The proportions of the concrete mixture are shown in
Table 1. The water-to-cement ratio (w/c ratio) and density were 0.6 and 2258 (£36) kg/m?,
respectively. After the concrete samples were cast, slump tests were performed according to
ACI211.1-91. The slump value was recorded as ~4 inches, which falls into the recommended
slumps for beams, reinforced walls, and building columns (Table 6.31 of ACI 211.1-91).
The concrete cylinders were kept at the atmospheric condition in the lab for 24 h and were
cured at room temperature for 30 days in saturated lime water ((Ca(OH),).
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Table 1. Proportions of concrete mixture.

Distilled Water ~ Portland Cement Dune Sand Coarse Aggregate*  Fine Aggregate Total

Weight (kg)
Y% w/w

7.284
9.84

12.14 18.21 18.21 18.21 74.054
16.39 24.59 24.59 24.59 100.00

(@)

* Max. size of aggregate was 3/8 inch.

2.2. Chloride Diffusion Tests

The chloride diffusion tests were performed in a fully saturated concrete pore condi-
tion. After curing, the concrete cylinders were reinserted into 100 mm long acryl tubes to
simulate one-directional diffusion of chloride. Silicone sealant was used for sealing the gap
between the cylinder and the tube on the exposed bottom surfaces. The entire top surfaces
of the cylinders were also sealed with the sealant to prevent the evaporation of the pore
solution, and the opened areas of the solution baths were also covered with PVC films.

Samples were exposed to the NaCl solution at three different temperature conditions:
(i) constant temperature at 22 °C (CT22); (ii) constant temperature at 50 °C (CT50); (iii) and
temperature gradient condition (TG) as shown in Figure 1. In the cases of CT22 and CT50,
the samples were submerged in the solution up to the sample height. For the TG condition,
the sample was fixed over the solution, with the bottom surface immersed in the solution.
The sealed surface of the TG sample was air-cooled with a fan. The temperatures at 10 mm,
30 mm, and 50 mm depths from the exposed bottom surface were monitored during the
test using thermocouples. Two samples were tested per condition, and the test duration
was 30 days.

Air cooling

(b) (c)

\ _}— Sealant /
T Acrylic tube T
Thermo-
4" couples
b=
Saturated _|

A~ NaCl
. / . / -« J
Constant temperature Constant temperature Temperature gradient

at 22°C

at 50°C

Figure 1. Chloride diffusion test setup at three different temperature conditions immersed in the
NaCl solution, which are: (a) constant temperature of 22 °C, (b) constant 50 °C, and (c) temperature
gradient condition. Thermocouples were positioned at depths of 10 mm, 30 mm, and 50 mm from the
exposed surface. (Double-column fit).

2.3. Chloride Ion Analysis

After the chloride diffusion tests in the previous section, concrete samples were sliced
into five layers with a 10 mm interval after removing 5 mm of the surface layer (Figure 2)
by using an electrical cutting wheel without using any liquid suspension to prevent the
loss of chloride contents during the process. The slices had 7 mm thicknesses due to the
cutting margin, which represent depths of 10~50 mm =+ 3.5 mm. The sliced samples were
pulverized with a sledgehammer and sieved to powder sized under 850 pm.
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Figure 2. A sampling of the concrete cylinder samples for potentiometric titration after NaCl exposure
test. (Single-column fit).

The chloride concentration of each depth was determined by using the potentiometric
titration method, specified in ASTM C1152/1152M-04(2012)el [27]. The potentiometric
titration was performed using the open circuit potential measurement with an AgCl-coated
Ag billet electrode and saturated calomel electrode (SCE) as a reference electrode without
the filtration of powder [28]. Approximately 5 g of powdered samples were dispersed
into 75 mL of deionized water, and 25 mL of nitric acid (1 + 1) was added. Samples were
heated to boiling for a few seconds and were cooled down to room temperature. While
gradually adding the standardized 0.05 N silver nitrate (AgNO3) solution using a burette
with a 0.05 mL increment, the volume of consumed AgNOj solution and the corresponding
potential readings were recorded. The chloride concentrations of samples were calculated
from the volume of consumed AgNOj solution to meet the equivalence point of potential
change. The equivalence point of potential change was determined by the first derivate
curve of the potential recording. At the equivalent point, the open circuit potential was

around 230 mV.

VagNo, X Nagno, X mci
Ca =

)

Meconcrete

where C¢; is the chloride concentration (wt. % of concrete), VagNo, is the consumed
volume of AgNO;, N, AgNO, 18 the normality of the AgNOj solution, m; is the molar mass
of chloride, and mopcrete is the mass of the analyzed concrete.

3. Results and Discussion
3.1. Chloride Concentrations in Concrete

The Cl concentrations at the different depths of the samples determined using the
potentiometric titration method are summarized in Table 2 and graphically displayed in
Figure 3. In each temperature condition, two samples were tested, and their Cl concentra-
tion values are close to each other with small differences (AC¢; in Table 2). As expected
from Arrhenius’s law, the values of C; at a constant temperature of 50 °C are higher than
those at 22 °C. An interesting result is that the Cl concentrations at the TG conditions are
much higher than those at 50 °C. This cannot be explained simply by Arrhenius’s law,
which is discussed in subsequent sections.
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Table 2. Chloride concentrations (C¢;) of concrete samples determined via potentiometric titration.
(wt. % of concrete).

Depth (mm)
Temperature (°C) Sample
10 20 30 40 50
CT22-A 0.572 0.354 0.138 0.058 0.060
22 CT22-B 0.634 0.241 0.099 0.084 0.242
ACqy 0.062 0.113 0.039 0.026 0.182
CT50-A 0.916 0.650 0.301 0.250 0.292
50 CT50-B 0.768 0.478 0.437 0.372 0.325
ACc¢y 0.148 0.172 0.136 0.122 0.033
TG-A 1.217 1.095 0.914 0.833 0.600
Temperature gradient (TG) TG-B 1.291 1.158 0.823 0.739 0.518
ACq¢y 0.074 0.063 0.091 0.094 0.082
1.8
- B CT22-A
~ 1.6 | O CT22-B
s A CT50-A
g 14 F A CT50-B
I @]
~ ® ® TG-A
g 12r Q O TG-B
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Depth (mm)

Figure 3. Chloride concentration profiles measured at depths of 10-50 mm after 30-day exposure to
the NaCl solution. (Single-column fit).

It should be noted that the measured chloride contents are total chloride since the
ASTM test method used in this study provides the procedures for analyzing acid-soluble
chloride [27]. Although free chloride is responsible for the diffusion through concrete and
the initiation of corrosion on the rebar surface, the techniques determining free chloride
contents in concrete have practical difficulties compared with a total chloride measure-
ment [29,30], and therefore the chloride threshold values of chloride-induced corrosion
have still been quantified in terms of either total or free chloride content [31]. Moreover,
an approximately linear relationship between free chloride and total chloride contents has
been established in long-term exposure tests [30,32]. Therefore, further analysis in this
study was conducted with the measured total chloride contents.

3.2. Determination of Chloride Diffusion Coefficients in Constant Temperatures

Only the bottom surfaces of the concrete cylinder samples were exposed to the NaCl
solution, resulting in unidirectional chloride diffusion. By neglecting the initial chloride
concentration in samples, the apparent chloride diffusion coefficients (D¢;) of concrete were
determined by fitting the measured data to the error function solution given by:

Clx,t) = Cs (1 - erf(w%)> )
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where C(x,t) is the chloride concentration at the depth x and the exposure time ¢, erf is the
Gaussian error function, C; is the surface concentration of chloride, and D¢ is the apparent
diffusion coefficient of chloride. In this calculation, it was assumed that the D; should be
constant over the exposure time, depending only on temperature.

Considering the same experimental conditions for CT22 and CT50 except temperature
condition, the values for Cs of both the conditions were assumed to be identical. Hence, the
D¢y of CT22 and CT50 was determined for the identical value of Cs, instead of a separate
fitting to the concentration profiles for each condition. First, the value of the surface chloride
concentration (Cs) was determined with the following assumptions:

(i) Csisequal to the chloride concentration in the concrete surface of which pores are
filled with the NaCl solution;

(ii) Cs does not change with time;

(iii) From Assumption (i), C;s is a single value for all the temperature conditions.

With the above assumptions, the surface chloride concentration (Cs) can be calcu-
lated by:
_ Pe X Mg X mey
Pc

where p. is the porosity of the concrete (vol. %), M¢; is the molarity of chloride in the
solution (mol/cm?), mc; is the molar mass of chloride (g/mol), and p is the density of the
concrete (g/cm?3).

The porosity of the concrete sample was determined as 13 vol. % using the boiling
water saturation technique, specified in ASTM C 642-13 [33]. Since the samples were
prepared in fully wet states and submerged in the NaCl solution, the pores at the surface
were filled with the solution. Assuming that no initial chloride existed in the concrete and
pores, Cs was estimated as 1.261 wt.%. Equation (2) was fitted to the chloride concentration
profiles with the estimated Cs values, as shown in Figure 4. From Figure 4, it was judged
that the surface chloride concentration (Cs) determined from the concrete porosity was a
reasonable value. The apparent chloride diffusion coefficient (D¢;) and the residual sum of
squares (Sg) of CT22 and CT50 from the regression are shown in Table 3.

Cs 3)

1.8 F ——CT22-A,erffit W CT22-A
S 16 i —-—-CT22-B,erffit 0O CT22-B
S | - — -CT50-A, erffit A CT50-A
Eam ---- CT50-B,erffit A CT50-B
‘; ® TG-A
2 12 O TG-B
=
S 1.0
5
S 0.8
o
Q
o 0.6 L
o o
S 04
5 &
“ 02 N

|
0 10 20 30 40 50 60
Depth (mm)

Figure 4. Fitted curves of chloride concentration profile to error function solution of Fick’s second
law of diffusion with Cs = 1.261 wt. %. (Single-column fit).
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Table 3. Apparent diffusion coefficients of concrete: D¢y and residual sum of squares, Sk estimated
with the method of least squares fit.

Sample D¢ (x10~11 m?/s) Sr

CT22-A 5.37 0.025
CT22-B 4.73 0.064
CT50-A 18.1 0.040
CT50-B 19.2 0.113

The apparent diffusion coefficient of concrete, D¢, increases with temperature, which
is expressed by D¢;(T):

4)

where Dy is the maximum diffusion coefficient, E; is the activation energy of diffusion, and
Ris the gas constant. Using the values of D¢, in Table 3, Dy and E; were calculated to be
6.66 & 0.09 x 10~° m? /s and 34.6 & 2.0 k] /mol, respectively. The average values of the D¢
of two samples were used for the calculation.

3.3. Temperature Profile in Concrete in Temperature Gradient Condition

In the TG condition, the internal temperature readings from the different depths
obtained by the data loggers were recorded and plotted as shown in Figure 5. The average
temperatures of each depth are shown in Figure 6, and the variation in temperatures
along the depth direction could be fitted with either linear or parabolic approximation. By
assuming that the temperature varies linearly with the depth, the temperature is expressed
as T(x) = —221.2x + 325.5 [K] from the measured temperature profile of a concrete sample
in the TG condition, where x [m] is the depth from the exposure surface.

55
50 F ’-—h...-——--O [ ® o ®
—_ |
& : & " ~a O o
) 45 F l
2 0
N
5 —A A A A
e 40 F
5
~ 1
l —@—x =10 mm
35 —Hl—x=30mm
l —A—x =50 mm
30 | 1 | L 1 L 1 A 1 A | A 1
0 5 10 15 20 25 30

Time (days)

Figure 5. Internal temperature measured at depths of 10, 30, and 50 mm in temperature gradient
condition vs. exposure time. (Single-column fit).
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S 44} T(x) = —221.2x + 325.5 [K]
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Figure 6. Average temperature profile from the measurement with linear and parabolic fit to the
profile, where x is in meters and T(x) in Kelvin. (Single-column fit).
3.4. Determination of Chloride Diffusion Coefficient in Temperature Gradient Condition

In the TG condition, the temperature varies along the depth direction, and therefore
the diffusion coefficient, D¢, should be expressed as a function of either temperature (f) or
depth (x). Equation (4) can be rewritten by:

Dai(x) = Doexp - s | ©

where D¢;(x) is the chloride diffusion coefficient for the TG condition as a function of x.
Fick’s second law was modified with consideration of the diffusion coefficient, D¢;(x):

anﬁf t) _ % (Dcl(x)acé()i,t))

(6)

The modified Fick’s second law in Equation (6) was solved by a numerical method
using Matlab on an interval of 0 < x <1 (m) for 0 < t < 30 (days). The equation satis-
fies the initial condition C(x,0) = 0, and boundary conditions C(0,t) = Cs and C(1,t) = 0.
Figure 7 shows the calculated chloride profile with varying D¢;(x) for the TG condition.
There appears to be a large discrepancy between the calculated (red dotted curve) and
measured chloride (red circle symbols) profiles in the TG condition, which implies that
there should be another driving force of the chloride diffusion. It is well known that a flux
of salt is generated by a temperature gradient [34], which is called thermo-diffusion. The
contribution of the thermo-diffusion to chloride transport in the TG condition is discussed
in the following section.
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Figure 7. The chloride concentration profile of calculation results by considering the diffusion
coefficient, D¢ (x), as a function of x, compared with measured concentration profiles (Single-
column fit).

3.5. Determination of Thermo-Diffusion Coefficient

Thermo-diffusion is the mass transport response to a gradient of temperature. Quan-
titative evaluations of thermo-diffusion for aqueous solutions or organic mixtures have
usually been conducted with the Soret coefficient, which is defined as the ratio of the
thermo-diffusion coefficient, D, to the mass diffusion coefficient [34-37]. In this study,
a new analytical equation was developed by modifying the mass transfer equation [35],
which consists of two terms: mass flux by D¢;(x) (hereinafter referred to as the mass
diffusion coefficient) and by the thermo-diffusion coefficient, Dr:

aC 9
% —DrC(x 2L @)

Jeir(x,t) = —D¢i(x) py

The second term of Equation (7) represents the temperature gradient effect on the flux
of chloride. The general time-dependent partial differential equation considering Fick’s
second law can be rewritten as

0C(x,t 0 oC(x,t oT
g’; )Zax(Dcz(x) é’; )+DTC(x,t>ax)- ®)

The thermo-diffusion coefficient, Dr, was determined by Equation (8) based on the
measured chloride concentration profile of the TG condition with the other parameters
determined from the previous analysis. The mass diffusion coefficient of chloride, D¢;(x)
was determined as a function of x from the D, of CT22 and CT50 by Equation (4). Since a
linear temperature gradient was imposed from the measured temperature profile of TG,
dT/ox is a constant as T(x) = —221.2x + 325.5 [K], and Equation (8) can be simplified to:

oC(x,t) o aC(x,t) dT oC(x,t)
T ax<DCl(x> ox ) T PTox T ox

©)
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The substitution numerical calculation on D was conducted for Equation (9) using
Matlab. The initial condition of C(x,0) = 0 and boundary conditions of C(0,t) = 1.261 wt. %
and C(1,t) = 0 were set for the analysis on an interval of 0 < x <1 (m) for 0 <t < 30 (days).
The value of Dt with the lowest residual sum of squares to the measured concentration
profile of the TG condition was determined to be 6.201 x 10~'! m?/s-K. Figure 8 shows the
comparison of the chloride concentration profiles from the model by solving Equation (9)
with the determined D7 and from the measured data of the TG condition. With this ana-
lytical model, the higher chloride concentrations measured in the TG condition compared
with those measured in the isothermal conditions could be explained as the result of the
thermo-diffusion effect due to the temperature gradient.

1.8 ® TG-A

O TG-B
1.6 - —— Numerical: Dci(x) & Dr
latk e Numerical: Dai(x) only

Chloride concentration (wt. %)

L 1 L 1 R 1 L 1 . 1 Pl
0 10 20 30 40 50 60
Depth (mm)

Figure 8. Chloride concentration profile calculated by the modified equation of Fick’s second law,
compared with measured data points of the TG condition. (Single-column fit).

3.6. Estimation of Cl Diffusion in RCBs

As the analytical model of chloride diffusion in concrete in Equation (8) has two
separate terms of mass diffusion and thermo-diffusion, the effect of thermo-diffusion on
the lifetime prediction of RCBs can be evaluated. To assess the effect of thermo-diffusion
in an actual service condition quantitatively, the time of corrosion initiation on the rebar
was estimated by the model. The critical chloride content (C,,;) is the major parameter to
quantify the susceptibility to rebar corrosion in concrete [38]. While a range of C.,;; values
has been reported, in this work, C.,;; of 1 wt. % in the binder was used as a threshold value
of the corrosion initiation, which can be converted into 0.246 wt. % in concrete.

Figure 9 is a schematic of the RCB structure of an APR1400 nuclear reactor. While
the inside of RCBs is air-conditioned, the ambient temperature may range from 30 °C to
60 °C in a typical summer in the MENA region, which causes a temperature gradient up
to 40 °C, along with the wall thickness of 1.37 m. The estimation was performed in the
range of a temperature gradient from 10 to 40 °C/wall thickness of the RCB with a fixed
inside temperature of 20 °C. In addition, the effect of daily temperature variation was also
considered by assuming sinusoidal changes in external temperature, which have the lowest
temperature of 20 °C and highest temperature from 30 °C to 60 °C.

For rebar embedded at 20 cm from the surface in the 1.37 m thick RCB walls, the times
for the chloride concentration to reach C,,;; were estimated for the different temperature
gradients with the thermo-diffusion term considered as Equation (8) and compared with
those not considering thermo-diffusion using Equation (6). The calculated constant value of
Dt was used for the estimation. The equations were numerically solved using Matlab with
the initial condition C(x,0) = 0 and boundary conditions C(0,t) = 1.261 wt. % and C(5,t) =0
for a month time interval. The estimated times to corrosion initiation at the depth of rebar
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(20 cm from the surface) are shown in Figure 10 and Table 4. When the times estimated only
with mass diffusion under fixed temperature gradients from 10 to 40 °C/wall thickness
were calculated (A), the estimated times were shortened by considering thermo-diffusion
(B) in the same temperature gradients. The estimated results with mass diffusion only
(C) and with both mass and thermo-diffusion (D) with daily variations in temperature
were compared as well.

(a) (b)
y . Concrete
! U-Tendons H
oop-
i Liner  Rebar-1 Tendons / Rebar-2
i ]
H
i L )
| e ®
i | R s
f ~.
: R22.86 ! @
i
i & ]
”m
Cylinder : by @

i ;
i
i E | | ®
i
! 0.006 1.37
1 —

r==- | == I

1 N ]

! Basemat !

(Unit: m)

Figure 9. (a) The geometry of reactor containment building of APR1400 [1] (b) Schemeatic of the RCB
wall. (Single-column fit).
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Figure 10. Estimated time for chloride concentration to reach C.,;; at the depth of the rebar, calculated
for the different temperature gradient conditions from 10 to 40 °C/wall thickness with fixed external
temperature (A,B) and with daily temperature variation (C,D). (Single-column fit).
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Table 4. Estimated time to corrosion initiation, calculated with/without consideration of thermo-
diffusion effect for the different temperature gradients from 10 to 40 °C/wall thickness with fixed
external temperature (A and B) and with daily temperature variations (C and D).

Time to Corrosion Initiation (Month)

AT

C/Wall Fixed AT Daily Variation T
Thickness) Without With B/A Without With DIC
Thermo-Diffusion (A) Thermo-Diffusion (B) Thermo-Diffusion (C) Thermo-Diffusion (D)
10 64 42 0.66 84 59 0.70
20 42 25 0.60 63 41 0.65
30 29 17 0.59 55 29 0.53
40 20 12 0.60 40 23 0.58

When the thermo-diffusion term was included in the chloride transport, the estimated
time of the corrosion initiation decreased to around 61% of the time of the corrosion
initiation if only the mass diffusion was considered in both cases, assuming fixed external
temperature and considering daily variation in temperature. In other words, the time to the
initiation of corrosion in reinforced concrete (RC) structures could be shortened by 30~40%
if the effects of the temperature gradient are considered. Hence, the thermo-diffusion effect
should be considered in further research for the lifetime estimation of RCBs of NPPs. It
should be noted that the time to corrosion initiation in Figure 10 and Table 4 does not
represent the real service life of RCBs since all the parameters used in this estimation were
determined from the fully saturated condition of concrete pores and the elevated surface
chloride concentration. Nevertheless, the simulation considering the chloride transport via
thermo-diffusion, as well as mass diffusion, implies that the chloride ion diffusion could be
significantly accelerated by the temperature gradient along with the wall thickness of RCBs.

4. Conclusions

Chloride diffusion tests using cylindrical concrete samples were conducted in two
isothermal conditions and in a temperature gradient condition to evaluate the effect of
the temperature gradient on chloride diffusion through concrete and on the service life of
reactor containment buildings in nuclear power plants. The following conclusions can be
drawn from this work:

e  Using isothermal diffusion test results, the mass diffusion coefficients (D¢;) of chloride
ions were determined by applying Fick’s law of diffusion. In the curve fitting, the
surface chloride concentration was estimated by the concrete sample porosity, which
was judged to be a reasonable value.

e At 50 °C, the value of the mass diffusion coefficient (D) was 3.7 times higher than at
20 °C with the activation energy of 34.6 k] /mol.

e In the temperature gradient condition (TG) varying from 52.5 °C to 22 °C, much higher
chloride concentration values were measured than in the constant 50 °C condition.

e  For the TG condition, Fick’s law was rewritten in a binary form including both the
mass diffusion and thermo-diffusion terms. By the curve fitting of the TG results, the
thermo-diffusion coefficient (D7) was determined to be 6.201 x 10~ m2/s-K.

e  The values of the mass diffusion and thermo-diffusion coefficients were applied to
the RCBs in APR1400 nuclear power plants. With the temperature gradient and
daily variation in atmosphere temperature being considered, the time to corrosion
initiation was reduced by 30~40% compared with the prediction without considering
the temperature gradient.

This work shows that the effect of temperature gradient on chloride diffusion through
concrete is significant. However, the experiments and analyses in this study were performed
without considering the saturation degree of concrete pores. It is well known that the degree
of pore saturation is one of the main factors governing chloride diffusion [18-21]. For a
more accurate prediction of RCB service life in NPPs, further study should be focused on
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the effect of temperature and its gradient on the moisture transport and on the effect the
degree of pore saturation in concrete has on chloride diffusion.
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