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Abstract

In order to predict the chemo-physical process of carbonation, a finite element based computational method is imple-
mented based upon multi-phase/scale governing equations of moisture and flux of both heat and carbon dioxide. Influ-
encing parameters of carbonation involving reaction rate, CO, diffusivity and the reduction of porosity are discussed. It
is found that such modeling can accurately show high nonlinearity among carbonation reaction, pore structure devel-
opment and moisture distribution in micropore structures. By using the proposed assumptions, the reliability of the pre-
dictive method of the carbonation mechanism in cementitious materials under arbitrary environmental and curing condi-
tions is examined by comparing available experimental results with theoretical ones. Through sensitivity analyses that
focus on the nonlinearity of the moisture profile and local carbonation, it is clarified that different moisture distribution
may bring the opposite trend of the carbonation depth under low and high CO, concentrations.

1. Introduction

One of the main factors controlling the serviceability
and safety performance of structural concrete is the cor-
rosion of steel reinforcing bars. The passive layer
around the steel bars naturally protects them from corro-
sion. However, the penetration of carbon dioxide and
the consumption of calcium hydroxide may cause a drop
in the pH value of the pore water. Under low pH condi-
tions, the thin oxide film around the steel surface breaks
down and its ability to protect the steel bars from corro-
sion declines.

Reliable prediction of long-term performance of
structural concrete requires accurate and versatile simu-
lation of chemophysical phenomena for arbitrary envi-
ronmental conditions and concrete characteristics.
Mathematical expressions of concrete deterioration em-
ploy strong coupling mechanisms of hydration, moisture
transport, pore-structure development (early-age charac-
teristics) and the long-term qualities of concrete. In this
paper, a three-dimensional finite element program, Du-
COM, developed at the University of Tokyo, is imple-
mented as a general framework for durability assess-
ment and numerical analysis of arbitrary cementitious
materials and structures subjected to various environ-
mental conditions. A general framework of mass and ion
equilibrium equations and a chemical reaction model of
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carbonation in micropore spaces have been presented
elsewhere in detail (Maekawa et al. 1999, 2002, 2003,
Ishida and Maekawa 2001). Thus the influential pa-
rameters on theorem of carbonation process are dis-
cussed and simulated in numerical terms in this paper.
The reliability of the model is verified through compari-
son of simulation with well-documented experimental
results. Here, the dissimilarity of carbonation depth un-
der dense CO, in an acceleration chamber and natural
ambient conditions is theoretically explained and
faithfully simulated in nature.

2. General thermo-hygro system DuCOM

The constituent material models employed in DuCOM
are formulated based on micro-mechanical phenomena
such as hydration, moisture transport and cementitious
microstructure formation (Maekawa ef al. 1999, 2003).
Their strong interrelationships are taken into account by
real-time sharing of material characteristic variables
across each sub-system. The development of multi-scale
micro pore structures at early ages is obtained based on
the average degree of cement hydration in the mixture.
For any arbitrary initial and boundary conditions, the
pore pressure, relative humidity and moisture distribu-
tion are mathematically simulated according to a mois-
ture transport model that considers both vapor and lig-
uid modes of mass transport.

The moisture distribution, relative humidity and mi-
cropore structure characteristics in turn control the car-
bon-dioxide diffusion, reaction and the rate of carbona-
tion under arbitrary environmental conditions. This non-
linearity problem and coupling terms can be taken into
account in the unified framework of the program as
schematically shown in Fig. 1.
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3. Carbon dioxide transport, equilibrium,
reaction model

The mass balance equation for a porous medium, which
expresses the equilibrium of the concentration of gase-
ous and dissolved carbon dioxide within the time and
space domains, is formulated as,

2{4’[(1—5)% +Sp, [+ div gy - 0 =0 (1)

where, ¢ = porosity, S = saturation of porosity, p, = den-
sity of gaseous carbon dioxide[kg/m’], pq = density of
dissolved carbon dioxide in pore water [kg/m3], and Jco,
= total flux of dissolved and gaseous carbon dioxide
[kg/m’s]. Equation (1) represents the equilibrium condi-
tion between rates of mass efflux from a control volume,
mass flow into the control volume and accumulation of
mass within the control volume. The above equation
gives the concentrations of gaseous and dissolved car-
bon dioxide with time and space. The governing equa-
tion (1) is simultaneously associated with the moisture

analysis scheme in terms of the saturation denoted by S
and other thermodynamic parameters used in the flux
term as shown in Fig. 2. The moisture computation de-
tails are available in the references (Maeckawa et al.
1999, 2003) and are not covered in this paper.

The local equilibrium of gaseous and dissolved car-
bon dioxide is represented by Henry’s law (Ishida and
Mackawa 2001). The rate of carbon dioxide consump-
tion is expressed by the following differential equation,
assuming that the reaction is of the first order with re-
spect to the Ca®" and C032' concentrations as,

0(Ceyco0,)
ot

Ocor = k[Ca®" ][CO; ] )

where, Cc,co3 = concentration of calcium carbonate
[mol/1], and k = reaction rate coefficient [I/mol.sec]. The
concentration of calcium carbonate per unit time ob-
tained by the above equation is equal to the consump-
tion rate of carbonic acid, which is the sink term Qco, in
mass balance equation (1). In order to calculate the rate
of reaction with Eq. (2), it is necessary to obtain the
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concentration of calcium ion and carbonic acid in the
pore water at an arbitrary stage. In this model, we con-
sider the following ion equilibriums: dissociation of
water and carbonic acid, and dissolution and dissocia-
tion of calcium hydroxide and calcium carbonate (see
Fig. 3).

H,O H +OH™

H,CO, <> H" + HCO; <> 2H" + COY
Ca(OH), <> Ca> +20H"

CaCO, <> Ca™ +COY

(€))

Ishida and Maekawa (2001) introduced a governing
equation with respect to the concentration of proton
[H'], based on the laws of mass action, mass conserva-
tion and proton balance which can be iteratively solved
in order to obtain the concentration of proton in pore
solutions at an arbitrary stage. As a result, the mathe-
matical formulation in terms of [H'] can be expressed as,

[H*]+2(S, +5,)

= [gf] +0,(C, +8,)+20,(C, +5,) (4a)
o, = Ka[H+]
[H] + K, [H]+K K, "
a, = KaKb
P [H'T+K,[H]+K,K,
K,=[H"][OH] K, _ [H7)[HCO,]
[H,CO;]
(4¢)

k [HIICOT]
[HCOS]

where, Cy = concentration of dissolved carbon dioxide,
S1 = solubility of calcium carbonate, S, = solubility of
calcium hydroxide, and K,,, K,, K, = equilibrium con-
stant of concentration for each dissociation. Once the
concentration of protons is obtained, each individual
ionic concentration (CaH, CO,%, and so on) can be cal-
culated.

Transport of carbon dioxide is considered for both the
dissolved and gaseous carbon dioxide phases, which
includes the effect of Knudsen diffusion and tortuosity
of pores on diffusivity. Total flux of carbon dioxide for
an arbitrary moisture history is expressed as,

e = _(DdCOZVPd + DgCOzvpg) (5a)

L 0D (1-s)
9CO, Q 1+lm /2(I’m —fm) (5b)
SVI
Do, =%D:
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Fig.3 Mass balance and equilibrium conditions for car-
bonic acid.

where, Dycp, = diffusion coefficient of gaseous CO, in a
porous medium [mz/s], and D cp, = diffusion coefficient
of dissolved CO, in a porous medium [m?%s]. In Eq. (5),
the integral of the Knudsen number is simplified so that
it can be easily put into practical computational use; 7,
is the average radius of unsaturated pores, and ¢, is the
thickness of the adsorbed water layer in the pore whose
radius is 7,,. Dy’ is the diffusivity of dissolved CO, in
pore water (=1.0x10” [m?/s]) and D¢ is the diffusivity
of gaseous CO, in free atmosphere (=1.34x10” [m%/s])
(Welty et al. 1969). [, is the mean free path length of a
molecule of gas. In Eq. (5), n is a parameter for repre-
senting the connectivity of the huge number of mi-
cropores, and it was initially proposed by Ishida and
Mackawa (2001) based on the most simple assumption
that the probability of unsaturated pores being con-
nected to each other is proportional to the ratio of the
volume in a cross section of each finite field. This as-
sumption and an appropriate modeling of this connec-
tivity will be further examined and elaborated in the
following sections.

4. Changes in micropore structures due to
carbonation

It has been reported that the micropore structure of ce-
mentitious material may change due to carbonation (JCI
1993, Houst and Wittmann 1994, Papadakis et al. 1991).
In this work, the authors take into account changes in
porosity caused by carbonation by applying a simplified
model. It is assumed that the porosity distribution does
not change, but that total porosity decreases as carbona-
tion in progresses. Papadakis et al. (1991) showed ex-
perimentally that the reduction in porosity of fully car-
bonated concrete is dependent on the water-to-cement
ratio. This fact also coincides well with the experimental
results of Houst and Wittmann (1994) as well as Ngala
and Page (1997). Based on these experimental results,
the reduction of fully carbonated concrete/mortar can be
empirically formulated (Fig. 4) as,
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Fig. 5 Influence of reaction rate on carbonation depth (W/C=60%, 28 days submerged curing, RH=60%).

o, = 0.67-(w/c)+0.27 (6)
where, o, is the reduction in porosity when a large
amount of Ca(OH), is consumed by carbonation (fully
carbonated specimen). Due to the lack of experimental
results for moderate level of carbonation (not fully car-
bonated), the porosity reduction factor for this level is
simply modeled as a linear function of the remaining
calcium hydroxide to its initial value which also coin-
cides with the experimental work of Saeki et al. (1991)
as initially modeled by Ishida and Maekawa (2001). The
proposed bi-linear porosity reduction function is ex-
pressed as,

a=a, (R<B)

V=00 —125.R+027 (B<R<1)

(N

where, ¢ = porosity before carbonation, ¢ = porosity
after carbonation, o = reduction parameter in porosity, R
= degree of carbonation, which is expressed as the ratio
of amount of remaining Ca(OH), to the initial amount
of Ca(OH),. A parameter 3 in Eq. (7) is formulated as,

®)

It has to be noted that the above porosity reduction
function was mainly derived from the cases in which
ordinary Portland cement was used. Past research has
reported that the use of admixtures, such as blast fur-
nace slag and fly ash, may cause a different change in

B =080, +0.2

the pore structure due to carbonation. This aspect re-
mains a matter of future study for more precise predic-
tion and wider applicability of the system.

5. Improved rate of reaction and CO,
diffusivity — strong coupling with moisture
profile

From a theoretical point of view, carbonation progress
of cementitious materials is dependent on the rate of
reaction and CO, diffusion as well as the nature of mi-
cropores, which are also affected by carbonation itself
as shown in Fig. 1. The appropriate identification of
these parameters is a key for improved simulation of
carbonation phenomenon. A systematic parametric study
with support of experimental events is used to simply
formulate these parameters.

Carbonation processes are not analogous in the case
of accelerated tests in a short period and in the case of
natural carbonation under long-term exposure to natural
atmosphere. This difference is attributed to moisture
distribution under different drying periods as well as
changes in micropore structures that may depend on
CO, concentration. Figure 5 shows numerical results of
carbonation depth under different CO, concentrations
(0.3%, 1%, and 10%). The influence of the reaction rate
on carbonation progress is examined by changing
reaction rate coefficient k£ in Eq. (2). In the original
model that was verified mainly with accelerated tests, a
value of 2.08 [1/mol.sec] was used, whereas in this study
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five cases were studied in order to find an improved
parameter for a wide range of CO, concentrations. The
connectivity of micropore structures is assumed by set-
ting parameter n equal to 4 in Eq. (4) as initially pro-
posed by Ishida and Maeckawa (2001) for lower relative
humidity conditions. The results are compared with an
empirical equation proposed by Uomoto and Takada
(1993), which covers experimental results both for ac-
celerated and natural carbonation tests.

As could easily be expected, higher values of the re-
action rate coefficient result in higher carbonation
depths. However, this influence is more significant in
the case of low CO, concentration. Increases in the car-
bonation rate coefficient greatly affect the depth of car-
bonation in the case of low CO, concentration. It is also
shown that, in a short period of carbonation, higher val-
ues give better predictions for moderate/high CO, con-
centration.

This influence can also be seen in numerical predic-
tion of experimental work of Uomoto and Takada
(1993) and John et al. (1990), as shown in Fig. 6. The
analytical results for two different values of the reaction
rate coefficient (appropriate for low CO, concentration
and accelerated cases) are shown in this figure. It is ob-
vious that, on the basis of the above assumptions, even
though analytical results for the low reaction rate coeffi-
cient agree well with the accelerated carbonation test, it
cannot show the progress of carbonation in low CO,
concentration. The comparison of analytical results with
experiment of John et a/ (1990), which is an accelerated
carbonation test for a period of only 40 days, shows that
the carbonation rate is too high in the analysis using the
reaction rate coefficient that is appropriate for natural
carbonation.

Let us consider the pore moisture distribution in the
specimen. When we deal with a short testing period
(such as an accelerated carbonation test), the relative
humidity of pores is still large in a little far region from
the surface of the specimen. This high relative humidity,
in reality, significantly prevents the penetration of car-
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Fig. 7 Computed moisture distribution along the speci-
men under different CO, concentrations when the depth
of carbonation is 5 cm (RH at boundary = 55%,
W/C=60%).

bon dioxide into the specimen, which should be care-
fully considered in the numerical modeling. Saturated
pores block the migration of gaseous carbon dioxide, in
other words, the diffusivity of CO, declines as the rela-
tive humidity of pores increases. Such an influence is of
particular importance for an accurate prediction of the
carbonation process in accelerated carbonation tests,
where the depth of carbonation develops into a large
relative humidity domain. Figure 7 shows the computed
moisture distribution along the depth of examined
specimen subjected to different CO, concentrations
(0.07%, 1%, 10%) at the time when the depth of car-
bonation is the same (5 cm). It can be seen that at a low
CO, concentration, the specimen is completely dried
after a long-term carbonation process. However, in ac-
celerated carbonation tests, the value of RH is still large
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even close to the surface of the specimen.

Figure 8 is an example that shows the effect of mois-
ture distribution on the progress of carbonation. For
comparison, two cases were analyzed: one is a coupled
analysis with moisture transport, and the other assumes
that the pore structures in all domains have the same
saturation. It is shown that the progress of carbonation
under a high CO, concentration is highly dependent on
the moisture distribution, whereas no significant differ-
ence is observed in the case of atmospheric concentra-
tion. As shown in Fig. 8a, there is a large moisture gra-
dient inside concrete just after exposure to drying,
which leads to a delay in carbonation at the initial stage.
After one year, the analysis coupled with moisture
shows a larger depth of carbonation, since much of the
condensed liquid water retains in the carbonated do-
main, which leads to higher rate of the carbonation reac-
tion. It should be noted here that, in the analysis, mois-
ture release caused by the decomposition of hydrates
during carbonation was not taken into account for the
sake of simplicity. Therefore, especially in the acceler-
ated carbonation test shown in Fig. 8, the analytical
result may still underestimate the coupling effect of
moisture distribution and carbonation progress. In other

words, the amount of condensed liquid water in reality
may be larger than the calculated results. This aspect
will be studied in future by including the contribution of
the released water into the sink term of the mass balance
equation of moisture.

The above discussions have clarified that in-
terdependence between CO, diffusivity and moisture
distribution should be taken into account for the accu-
rate prediction of carbonation. First, a sensitivity analy-
sis was carried out in order to obtain a more appropriate
value for CO, diffusivity especially under high relative
humidity. Papadakis et al (1991) experimentally inves-
tigated the influence of RH on CO, diffusivity. On the
basis of their experiment, herein the connectivity pa-
rameter (n in Eq. (4)) is simply re-assumed to be equal
to 6, which is the most appropriate value for simulation
of CO, diffusivity under large relative humidity, as
shown in Fig. 9. The original assumption of Ishida and
Maekawa (2001) (n=4), as shown in Fig. 9, has a good
agreement for low relative humidity conditions, but it is
overestimated for large relative humidity cases. The
appropriate modeling of carbon dioxide diffusivity for a
wide range of relative humidity conditions is herein
addressed for further study, but it should be noted that
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the influence of such an effect is much higher in cases
of accelerated carbonation test, in which the depth of
carbonation developed into a large relative humidity
domain. The analytical results using the modified con-
nectivity parameter (n=6) and the high reaction rate co-
efficient (k=2.08x20[l/mol.sec]), which is simply pro-
posed for low CO, concentration, are shown in Fig. 10.
It can be seen that appropriate modeling of CO, diffu-
sivity as well as the reaction rate coefficient greatly im-
proves the simulation of the carbonation process in both
accelerated and natural carbonation cases.

Figure 11 shows the influence of the water-to-cement
ratio on the numerical prediction of carbonation depth
and its comparison with Uomoto’s model (Uomoto and
Takada 1993) and the experiment of Loo et al. (1994).
The influence of the porosity reduction factor was also
examined as shown in Fig. 11. It can be seen that the
proposed porosity reduction factor can effectively im-
prove the prediction of carbonation depth for higher
water-to-cement ratio cases.

6. Carbonation process under accelerated
and normal environment

- Is analogy between two conditions
always assured?

An accelerated carbonation test has been often used to
assess the durability performance of materials, since it
gives useful information on long-term performances at

short intervals of time. In general, it has been assumed
that the carbonation process would be analogous to that
under a real environment. However, there is no consen-
sus on how much the accelerated test will shorten the
real time-scale from a quantitative viewpoint, or
whether it will correctly simulate the trend of the mate-
rial behavior exposed to the natural environment from a
qualitative point of view. Against these backgrounds,
the analytical model discussed in the previous section is
used to investigate similarities or differences in the
depth of carbonation under high and low CO, concen-
trations.

Figure 12 shows the carbonation processes of con-
crete exposed to CO, concentrations of 10% (Fig. 12a)
and 0.07% (Fig. 12b) at constant temperature and rela-
tive humidity (20°C, 55%RH) after 2 days of sealed
curing. Three different water-to-cement ratios,
W/C=40%, 60%, and 80%, were specified in the analy-
sis. In these computations, only ordinary Portland ce-
ment was used as a binder. Regardless of the ambient
concentrations, it was shown that the depth of carbona-
tion increases with higher water-to-cement ratio. For the
purpose of direct quantitative comparison between two
cases, carbonation rate coefficients o, were obtained as
shown in Fig. 12 and Table 1. The coefficient is defined
as,

v, = ot ©9)
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Table 1 Calculated carbonation rate coefficient for different concentrations of ambient COx,

Carbonation rate coefficient Carbonation rate coefficient
Ww/C o' [mm//year] o’ [mm/[year] o0
(CO,=10%) (C0O,=0.07%)
80% 79.1 10.8 7.32
60% 51.2 6.8 7.53
40% 23.9 3.0 7.97

Depth of carbonation y, [mm]

100
v, =0, Jt
Carbonation rate W/C=80%
sor ____I__ﬁfffﬂie"' '
179.1 (W/C: 80%) |
|
oo |-151:2 (WIC: 60%) i
|23.9 WIC: 40%)| WIC=60%
40 -
W/C=40%
20
CO,:10%
0 L
0.0 0.2 0.4 0.6 0.8 1.0 1.2
Time [year]

Fig. 12a Prediction of carbonation phenomena for
difdifferent W/C (CO2=10%).

Depth of carbonation [mm]
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CO,: 10% Carbonation progress
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|
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Fig. 13a Carbonation progress of concrete for various
amount of (CO2=10%).

where, y; = depth of carbonation [mm], and ¢ = exposure
time. According to Eq. (9), a regression analysis was
carried out to obtain o, based on the computational re-
sults. Table 1 shows the carbonation rate coefficients,
a.' for CO,= 10%, a.” for CO,= 0.07%, and the ratio of
acl to acz which allows us to convert the time scale in

Depth of carbonation y, [mm]
60

yd :a’c\/;

B Carbonation rate W/C=80%
50 T coefficient * °

110.8 (W/C: 80%) !
I

401168 (WIC: 60%)!

13.0 (WIC: 40%)!

W/C=60%
30

20
W/C=40%

C0,:0.07%
0 5 10 15 20 25
Time [year]

Fig. 12b Prediction of carbonation phenomena for
difdifferent W/C (C02=0.07%).

Depth of carbonation [mm]

20
CO,: 0.07%
WIP: 40% SGo%
2 days sealed curing
151 SG15%
10
Carbonation progress
decreases with higher
slag ratio
5
0 L L |
0 10 20 30 40 50
Time [year]

Fig. 13b Carbonation progress of concrete for various
amount of blast furnace slag (C02=0.07%).

accelerated environments into the time scale under nor-
mal condition. As shown in the table, roughly speaking,
the ratios have almost the same values of about 7 to 8. It
must also be noted that the ratio increases slightly in the
case of a lower water-to-cement ratio, which means that
the accelerated test underestimates the resistance to car-
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dV/dLog(D)
0.16 — _
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Fig. 14 Distribution of micro pore structural volume
For different.

bonation of lower W/C concrete.

Next, a sensitivity simulation was carried out to dem-
onstrate behaviors when using an admixture. Blast fur-
nace slag was mixed into concrete at three different ra-
tios to the total weight of powder (SGO: 0%, SG15: 15%,
and SG30: 30%). A constant water-to-powder ratio was
given (W/P = 40%). Numerical results are shown in Fig.
13. Under the accelerated condition, in the case of SG30,
carbonation progresses rapidly compared with SGO and
SG15. On the contrary, the calculated depth of carbona-
tion under the low CO, concentration shows the oppo-
site trend unlike the previous analysis. As the amount of
slag increases, the carbonation rate decreases.

When blast furnace slag is mixed into concrete, a
trade-off of strongly coupled effects can be expected: an
increment in the consumption of Ca(OH), as a source of
alkalinity due to the reaction and the dense micropore
structure that leads to low CO, diffusivity. Figure 14
shows the calculated pore-structure distribution for SG0
and SG30. In the case of slag in use, total porosity de-
creases and the pore structure becomes finer. In such a
denser micropore structure, from a thermodynamic
point of view, saturation of the pore maintains a higher
value compared with the SGO case, even though relative
humidity inside the pore is same. This theoretical infer-
ence is supported by Fig. 15, i.e., the micropore struc-
ture in the SG30 case is highly saturated. Figure 16
shows the distribution of calcium hydroxide for both
cases. It can be observed that, due to the reaction of
blast furnace slag, the amount of Ca(OH), is reduced to
almost half the quantity of the SGO case.

Based on these results, let us discuss a mechanism
that causes a contradictory trend to that obtained by the
analysis. In the case of accelerated testing, the amount
of calcium hydroxide will mainly control the rate of
carbonation; A high CO, concentration in the surround-
ing environment brings a large potential gradient be-

Saturation of pores

0.8

SG30%
07 _—m="7"
0.6
05

SG0%
04 F

After 30 years
0 3 | | | L |
0 10 20 30 40 50 60

Distance from surface [mm]

Fig. 15 Distribution of saturation in micro pore
structure after 30 BFS content years.
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80 [
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|
20 ,'
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0 10 20 30 40 50 60

Distance from surface [mm]

Fig. 16 Distribution of remaining calcium hydroxide in con-
crete pores after 30 years

tween outside and inside concrete, then it allows a larger
amount of gaseous CO, to diffuse into a specimen, even
though inside the pores maintain high saturation. Con-
sequently, in such a case, the amount of migrating CO,
would be enough to consume reduced Ca(OH), in slag
concrete. On the other hand, under a natural ambient
climate, the rate of carbonation depends on the nature of
the micropore structure, since only a small amount of
carbon dioxide is available for the reaction. In other
words, the dense micropore structure and resulting low
diffusivity will overcome the disadvantage caused by
the small amount of calcium hydroxide as the source of
alkalinity. Here, it has to be noted that this opposite
trend may not be observed in higher water-to-cement
ratio concrete (such as W/P 50% to 60%), since such
concrete still has high diffusivity even though blast fur-
nace slag is used. At any rate, a point to be emphasized
through this study is that accelerated testing does not
always yield a consistent trend with natural carbonation
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process, and in such a case, numerical simulation tools
can support appropriate material and durability designs.

7. Conclusions

Influential parameters on prediction of carbonation
depth involving reaction rate, carbon dioxide diffusivity
and change of micro pore structures caused by carbona-
tion are numerically discussed through a parametric
study and comparison with available experimental re-
sults. Appropriate parameters for material modeling on
the basis of already developed computational scheme
were successfully identified. It is shown that the reac-
tion rate coefficient has a great influence on the evolu-
tion of carbonation, especially in ambient weathering
conditions. However, the most important factor that
affects the carbonation depth under accelerated envi-
ronmental actions is carbon dioxide diffusivity. Mois-
ture saturation in short-term carbonation tests largely
control/prevent the evolution of carbonation. In addition,
through sensitivity analyses, it has been clarified that
different moisture profile may sometimes bring the op-
posite trend of the carbonation reaction under low and
high CO? concentrations. Accordingly, this point should
be considered carefully when carrying out material de-
sign and/or durability assessment based on an acceler-
ated test.
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