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Marine atmosphere environment accelerates the process of chloride penetration into concrete under the coupling effect of
ambient temperature and relative humidity, thereby reducing the durability and service life of concrete. This paper aims to
investigate the change of water equilibrium saturation and the chloride transport properties of concrete materials in different
environments. The water equilibrium saturation tests at three temperatures and five relative humidity (RH) and salt spray erosion
tests at three temperatures were performed. The influence of RH and temperature on the equilibrium saturation of concrete and
the influence of temperature and time on the chloride diffusion coefficient are investigated. The results show that, in the process of
moisture absorption and desorption, the equilibrium saturation of concrete gradually decreases as temperature rises. At the same
depth of concrete, the chloride content gradually increases with temperature increasing, as well as the chloride diffusion co-
efficient. However, as the corrosion time of salt spray increases, the altering of chloride diffusion coefficient becomes less. Based on
the Kelvin equation, a relationship between capillary pressure and water saturation in concrete was established, and a moisture
transfer model for concrete in the process of moisture absorption and desorption was derived. Further, based on the established
chloride diffusion equation and heat balance equation, a model of temperature-wet-chloride coupling chloride transfer was
derived. Theory model simulation results show the transfer speed of chloride under the coupling of diffusion and capillary is
higher than pure diffusion in moisture in the absorption process. However, the opposite is true in the desorption process.
Moreover, with the increment of saturation rate, the capillary effect on chloride transport is enhanced.

1. Introduction

Concrete structures in coastal areas are often directly ex-
posed to a high chloride environment during service life.
Under the long-term impact of salt spray, the chloride
content in concrete reaches the threshold level, which leads
to the corrosion of steel bar in concrete structure, and the
reduction of safety performance [1-4]. Chloride penetration
also causes a decrease in the durability of concrete structures
[5-7].

The main driving force of chloride transport in concrete
is diffusion and capillary action [8, 9]. In addition, factors

such as temperature, RH, surface chloride content, water-
—cement ratio, and mineral admixtures affect the chloride
transport process in concrete [10-12]. The Life-365 calcu-
lation program developed by the 365 Committee of the
United States put forward the equation of the relationship
between the chloride diffusion coefficient for ordinary
Portland cement concrete and the water-cement ratio [13].
The study performed by Zhang et al. [14] confirmed that RH
played an important role in the chloride diffusion coefficient;
that is, the chloride diffusion coefficient increased with RH
increasing. Zhu et al. [15] explored the effect of environ-
mental RH on the permeability of chloride in unsaturated
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concrete. The results showed that when RH was greater than
75%, the content of chloride in concrete increased gradually,
while the content of chloride on the surface decreased
gradually over time. Shen et al. [16] further researched and
found that a higher RH accelerated the migration of chloride
in the concrete. Qi et al. [17] analyzed the variation of
chloride diffusion coefficient with temperature using the
Nernst-Einstein equation and then established the diffusion
coefficient equation in the function of temperature. Mat-
sumura et al. [18] found that the chloride diffusion coeffi-
cient became larger with higher temperature, and the
logarithm of diffusion coefficient was linearly related to the
reciprocal of temperature. Environmental RH influences the
process of chloride transport and further impacts the
transport rate and corrosion depth of chloride in concrete.

Liu et al. [19] reported that the time of chloride salt
erosion and the erosion methods (dry-wet cycle, continuous
erosion) affected the chloride diffusion coefficient. Li and Li
[20] proposed a chloride transport model in cover concrete
under drying-wetting cycles. Chen and Liu [21] found that
the water migration rate in the drying stage was much less
than the wetting stage. For this, Lin and Jiang [22] con-
sidered the water transfer speed in the process of moisture
absorption and desorption of concrete and established the
water transport equation under the drying-wetting cycle
environment by adopting multiple water diffusion coeffi-
cients. On the basis of the water transport equation, Lin et al.
further put forward the chloride transport equation under
the drying-wetting cycle environment. Based on the diffu-
sion of water transport in concrete and the permeation of
water, Sun et al. [23] obtained a chloride transport model in
unsaturated concrete and found that the chloride content in
concrete was independent of the dry-wet ratio. Sun et al.
[24] studied the effects of water-cement ratio, NaCl solution
concentration, and exposure time on chloride diffusion
coefficient, penetration depth, and content in concrete under
dry-wet circulation.

From the above literature, it can be concluded that the
moisture transport rate of concrete during moisture ab-
sorption and desorption processes is not consistent with RH.
The fact is that chloride diffusion and capillary are very
dependent on environmental temperature and humidity.
However, the effects of concrete capillarity on chloride
transport in different temperatures and RHs have rarely
been investigated. Thus, it is necessary to establish a chloride
transport model to express the influence of temperature and
humidity in different moisture absorption and desorption
environments so that the mechanism of unsaturated chlo-
ride transport could be better demonstrated.

Therefore, this study investigated the influence of RH
and temperature on capillary pressure in water transport
using concrete moisture absorption and desorption tests and
then determined the parameters of the water transport
model. The variation of chloride diffusion coefficient with
temperatures and time was evaluated by the chloride pen-
etration test. A chloride transport equation was established
in function of capillary action and diffusion. Further, the
effects of saturation on chloride transport were simulated by
the numerical model.
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2. Experimental Program

2.1. Test Materials. The concrete specimens were made of
cement, mineral powder, fine aggregate, and coarse ag-
gregate. The binder material comprised P.O. 42.5 cement
and mineral powder with densities of 3060kg/m’ and
2890 kg/m’, respectively, in equal mass fractions. The
chemical compositions of cement and mineral powder are
shown in Table 1. Fine aggregate is well-graded medium
sand with a practical density of 2623kg/m’ (Table 2).
Coarse aggregate is 5~20 mm continuous graded gravel
with a maximum particle size of 20 mm (Table 3). Its
practical apparent density is 2710 kg/m”.

The mix proportion of concrete in the chloride diffusion
test is shown in Table 4. The W-2 mix proportion concrete
mixture ratio of the moisture absorption and desorption
equilibrium test is the same as that in Table 4. The concrete
specimens in the dimension of 100 mm x 100 mm x 100 mm
were prepared and cured at 20+2°C and 95% RH for 28
days. At the age of 28 days, the compressive strength of cubic
concrete specimens with the size of 150 mm was measured as
shown in Table 4.

2.2. Moisture Absorption and Desorption Test. A total of 40
specimens were cut horizontally into three pieces in the
dimension of 100 mm x 100 mm x 30 mm. To avoid the test
error, the middle piece was selected to test.

The test was carried out in accordance with ISO12571-
2013 standard [25]. In the moisture absorption test, the
specimens were first dried at 100°C for 24 hours. After the
specimens were cooled to 20°C, they were weighed and
recorded. Then, the specimens were dried for 12h and
weighed again until the mass loss was less than 0.5%. In the
moisture desorption test, the dry specimens obtained
according to the above test method were firstly soaked in
water for 7 days to be saturated. Second, the surface of
specimens was dried by towels and their weights were
measured. The above two procedures were repeated until the
weight loss was less than 0.5% in 24 hours to ensure a
saturated specimen.

As seen in Figure 1(a), the middle part of the glass
container is a porous ceramic partition. During the exper-
iment, the testing specimen was placed on the ceramic
partition. The temperature and RH under each test condition
were monitored by a thermohygrometer in real time. Any
change would be adjusted in time. The glass container was
placed in a constant temperature and RH chamber
(Figure 1(b)), with +£1°C and +2.0% precision in temperature
and RH, respectively. The designated RHs of 10%, 35%, 80%,
and 95% in the glass container were controlled by LiCl,
MgCl,, KBr, and KNOj saturated salt solutions, respectively.
The 50% RH was directly controlled by the chamber. The test
was carried out at the temperatures of 20°C, 35°C, and 50°C.

Hereafter, the specimens for moisture absorption and
desorption test were put into glass containers which were
moved to a constant temperature/humidity chamber. Iso-
thermal absorption devices are shown in Figure 1(b). Then,
the mass of each specimen was measured periodically until
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TaBLE 1: Chemical compositions of cement and mineral powder in mass (%).

Composition SiO, Fe,03 AlLL,O3 CaO MgO Na,O SO;

Cement 22.4 3.7 4.7 60.3 2.7 0.13 2.1

Mineral powder 34.8 1.21 14.32 35.58 11.32 0.14 1.54
TABLE 2: Particle size distribution of fine aggregate.

Size of screen mesh (mm) 4.75 2.36 1.18 0.60 0.30 0.15
Passing percent (%) 99.5 87.7 72.0 45.9 19.6 21
TaBLE 3: Particle size distribution of coarse aggregate.

Size of screen mesh (mm) 26.5 16 9.5 4.75 2.36
Passing percent (%) 100.0 76.0 14.4 0.3 0.0

TaBLE 4: Mix proportion of concrete.

Number \/1\37/ Water kg/m® Binder material kg/m> Fine aggregate kg/m”> Coarse aggregate kg/m> Compressive strength (28 d) MPa
W-1 0.36 233 645 514 960 38.9
W-2 0.46 261 562 514 960 35.2
W-3 0.56 282 499 514 960 26.1
W-4 0.66 299 448 514 960 24.2

Saturated

(a)

Concrete
specimen

salt solution

(®)

FIGURE 1: Isothermal absorption devices: (a) glass container and (b) constant temperature/humidity chamber.

the change in mass was less than 0.1%. Due to high moisture
absorption (desorption) in the early stage, the corresponding
time interval of measurement was small while it was large in
the late stage. There were 12 weight measurements for the
absorption test and 13 weight measurements for the de-
sorption test. The measurement results showed that, in the
moisture absorption environment of different temperatures,
the concrete specimens need 325h and 100h to reach

equilibrium for RH >50% and RH <50%, respectively. In the
moisture desorption environment of different temperatures,
the equilibrium time was 150 h and 200 h for RH >50% and
RH <50%, respectively.

For porous cement-based materials, moisture saturation
can be used as a function of moisture content changes in
mass [26]. The equilibrium saturation of concrete in dif-
ferent environments can be described as follows [27]:



§= e, 1)
ws d
where § is the mass of specimen underwater (kg), m,, is the
mass of specimen underwater (kg), m, is the mass of
specimen in a dry state (kg), and m, is the mass of specimen
under saturation state (kg).

2.3. Chloride Transport Test. To better reflect the impact of
environmental parameters on the chloride penetration in
concrete, five surfaces of each specimen were smeared with
epoxy resin to only allow chloride to penetrate from the
other side.

Then, the specimens were placed in a salt spray box to
simulate the chloride penetration environment by con-
trolling the salt spray concentration and temperature. In the
salt spray penetration test, the temperature for the specimens
of W-1 to W-4 was 35°C. As a reference, temperatures of
20°C and 50°C were also used for W-2 specimens. The
saltwater concentration in salt spray box was 50 g/L, and the
test period was 60 days. The average of 4 specimens for each
mix was reported.

The powder for chloride content test was drilled from the
specimens every 20 days. After dried and weighted, the
powder sample was put in deionized water and stirred
evenly. The chloride content was measured by a rapid de-
termination instrument.

3. Results and Discussion

3.1. The Equilibrium Relationship between RH and Saturation.
In the moisture absorption and desorption tests, the mass
change rate of concrete is the equilibrium saturation under
corresponding environment conditions when it reaches the
equilibrium state. The equilibrium saturation of moisture
absorption and desorption tests at 20°C, 35°C, and 50°C were
calculated by equation (1). The equilibrium curves of RH and
saturation in moisture absorption and desorption tests at
different temperatures are shown in Figure 2.

In Figure 2(a), it can be seen that the trend of the
equilibrium saturation curve is similar under three tem-
peratures for absorption. Specifically, for a given tempera-
ture, the equilibrium saturation increases with the increment
of RH. Moreover, regardless of RH, the equilibrium satu-
ration of concrete gradually decreases as the temperature
increases. The relationship between RH and maximum pore
size can be determined by the Kelvin equation [28]. The
maximum pore size that can be saturated is about 4 nm when
RH is 50%. Generally, the boundary between gel pore and
capillary pore is 10 nm (i.e., gel pores <10 nm, capillary pores
>10 nm). Therefore, when RH is less than 50%, only a few gel
pores are saturated, while RH >50%, the capillary pores are
gradually saturated [29]. It indicates that RH is dominant for
equilibrium saturation of concrete when it is higher than
50%. When RH is below 50%, the temperature impact is not
significant on saturation. When RH >50%, the saturation
increases most at 20°C, and least at 50°C. It also shows that
the effect of temperature on moisture absorption became
considerable.
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As seen in Figure 2(b), the trends of desorption are
similar. For a given temperature, saturation decreases with
RH decreasing. At 50°C, the trend is almost linear. Despite
the same RH, the equilibrium saturation gradually decreases
with the increase in temperature. It is found that the vari-
ation of saturation is limited when RH >80%. However,
when RH <80%, saturation greatly decreases. It indicates
that 80% RH is an inflection point for saturation in
desorption.

It can be seen from Figure 2 that, under the same RH, the
desorption curve with higher saturation has an obvious
hysteresis compared with the absorption process. The main
reason for the hysteresis is the “ink bottle effect,” which
reflects the effects of micropores (bottleneck) connected
with the macropores (bottle body) on the flow of water in
and out [30]. It is apparent that RH required for the
macropores to reach saturation is higher than that for the
micropores. For the initially saturated pores, when RH is
gradually reduced, the liquid water in the large pores has to
transfer through the small pores and could not form a gas-
liquid interface by itself. Hence, only when RH drops below
the saturated RH in micropores, the water in the macropores
could be discharged.

In the processes of moisture absorption and desorption,
saturation is an important parameter to ascertain the water
content of concrete. To represent the equilibrium rela-
tionship between RH and saturation in concrete, an ab-
sorption model of porous hygroscopic material between
water absorption capacity and RH was adopted in [31]:

=[—m(l—h) e

A(T-B) | ° @

where W is the equilibrium moisture content; 4 is RH; T'is
temperature (K); and A, B, and C are coefficients.

The saturation of equilibrium moisture content was used
instead of the equilibrium moisture content in equation (2),
and equation (2) was turned into an inverse function; the
relationship model between RH and saturation is acquired as

h = exp(-A(T + B)S®), (3)

where S is the saturation.

According to Figure 2, parameters A, B, and C in
equation (3) can be determined by nonlinear regression. The
models of RH and equilibrium saturation in moisture ab-
sorption and desorption processes are shown as follows:

hgs = 1 —exp(-0.03(T - 180.7)S**")R* =091,  (4)

hgs = 1— exp(—0.05(T - 258.76)S™)R* = 0.91.  (5)

For unsaturated concrete, capillary pressure is the main
driving force for moisture transfer. Consequently, the re-
lationship between capillary pressure and saturation is the
key to investigating moisture transport [32, 33]. Such re-
lationship proposed in the literature is as follows [26]:

_PiRT

M In h, (6)

Pe
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F1Gure 2: Equilibrium curve of moisture absorption and desorption at 20°C, 35°C, and 50°C: (a) moisture absorption and (b) moisture

desorption.

where M is the molar mass of water (kg/mol), R is the gas
constant (8.3144 J/mol/K), p. is capillary pressure (Pa), p; is
the density of liquid water (kg/m?).

Substituting equation (6) with equations (4) and (5), the
relationship between capillary pressure and saturation pa-
rameter during moisture absorption and desorption can be
described as follows:

- ’%111(1 — exp(—0.03(T - 180.7)s**)),  (7)

as

- %ln(l - eXP(‘0'05 (T - 258-76)85'04))' (8)

Pas

Compared with saturated concrete, the pores in unsat-
urated concrete are not completely transporting fluid, and
the permeability coeflicient of water in unsaturated concrete
is related to the degree of pore saturation. Thus, the relative
permeability of moisture in the process of moisture ab-
sorption and desorption is relevant to the saturation of
concrete. According to [34], relationships between capillary
pressure and saturation as well as relative permeability and
saturation can be established as

pe=A (s 1), 9)

ki (8) = VS[1-(1-8"")"T, (10)
where m can be determined by regression of capillary
pressure and saturation curve. The relationship between
capillary pressure and saturation at different temperatures in
moisture absorption and desorption can be given by
equation (9). The m values are shown in Table 5.

Afterward, the relationship between the relative per-
meability and saturation in the moisture absorption and
desorption is established as follows:

TABLE 5: m values corresponding to the absorption and desorption
process.

Absorption Desorption
T (K) 293.15 30815 323.15 29315 308.15 323.15
m 0.672 0.579 0.573 0.328 0.324 0.362
R’ 0.985 0.988 0.991 0.999 0.997 0.992

_14.8\ 1/[2.89 In(T)-14.89] 12
k.. (S) = \/5[1 _(1 _ 289In(T) 14.8) (2.89 In(T) J] ,

- 1/[21.06-3.16 In(T)] 12
kyi_as(S) = \/3[1 —(1 _ g2L06-3.16 ln(T)) [ n( )1] '

(11)

The m values under different temperatures in moisture
absorption and desorption were calculated using equation
(9). However, when equation (9) was used to ascertain A,
values according to Table 5, the fitting correlation coefficient
was only 0.56. Therefore, it was not appropriate to use m to
characterize the relationship between capillary pressure and
saturation in equation (9). In absorption and desorption,
equations (7) and (8) can be used to describe the relationship
between capillary pressure and saturation.

3.2. Effect of Temperature on Chloride Content. The specimen
was subjected to a salt spray penetration test. The chloride
content at different depths of concrete at 20 days, 40 days,
and 60 days under 20°C, 35°C, and 50°C is shown in Figure 3.

Figure 3 shows that the chloride content gradually
decreases as the depth increases. The chloride content at
different depths and the penetration depth of chloride
increases over time. Regardless of time, the chloride
content at a given depth in concrete shows the same trend;
that is, the chloride content increases with the increase of
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Ficure 3: Distribution of chloride content in concrete under different temperatures: (a) 20d, (b) 40d, and (c) 60d.

temperature. It reveals that the increased temperature
accelerated chloride penetration and enlarged the pene-
trated amount of chloride.

3.3. Effect of Temperature on Chloride Diffusion Coefficient.
Diffusion is the main driving force for chloride to penetrate
saturated concrete. The stable diffusion of chloride can be
described by the Fick second law [35]:

oCy - 9Cq
o “oax?’

where D¢ is the chloride diffusion coefficient (m?%/s), Cq is
the chloride content (% of the mass of concrete), t is the time
(s), and x is the depth from the concrete surface (m).

Assuming that the chloride content on the surface of the
concrete structure is constant, D¢ is constant, and the initial
chloride content at the exposed surface is 0. The following
equation can be derived:

’ (12)

(13)

Co = (Cs c(,)[1 - erf<ﬁ)],

where Cg is the surface chloride content (% of the mass of
concrete) and C, is the initial chloride content, which is
assumed to be 0.

The test results in Figure 3 were fitted by equation (13) to
achieve the chloride diffusion coefficient at different tem-
peratures and penetration times. The chloride diffusion
coefficient with different temperatures and penetration time
is shown in Figure 4.

Figure 4 shows that the chloride diffusion coefficient
gradually increases as the temperature increases, which is
consistent with Matsumura’s finding [18].

In Figure 4, the chloride diffusion coefficient at 40d is
significantly smaller than that at 20d, and it is slightly in-
creased compared with that at 60 d. This demonstrates that
with temperature rising, its effect on the chloride diffusion
coefficient becomes smaller. But in the temperature range



Advances in Materials Science and Engineering

20

15 -

(10" 'm?/s)

Chloride ion diffusion coefficient

Temperature (°C)

- 20d
-0 40d
—A— 60d

FiGure 4: Chloride diffusion coefficient with different temperatures
and penetration time.

from 20°C to 50°C, the chloride diffusion coefficient is in-
creased by 37.8%. This is because the higher temperature
tends to decrease the resistance of chloride penetration in
concrete, which increases the rate of chloride penetration
[36]. However, the chloride diffusion coeflicient approach to
a certain value gradually over time.

There are two models that describe the relationship
between chloride diffusion coefficient and temperature.
The one reported by Berke is called the Nernst-Einstein
equation and the other is proposed in the American Life-
365 standard design program. After the dimensionless
processing and fitting comparison on the results in
Figure 4, it is found that the model proposed in the
American Life-365 standard design program is more
suitable. The proposed diffusion coefficient model is as
follows [37]:

Uf 1 1
DCI = Dref exp[ﬁ (T—_T>]; (14)

ref

where D,.ris the chloride diffusion coeflicient corresponding
to temperature T (m?%/s), U is the activation energy in
diffusion (7841]/mol from the test results), and T, is the
absolute temperature (293.15 K).

3.4. Effect of Time on Chloride Diffusion Coefficient.
Figure 5 shows the results of the salt spray test. The chloride
diffusion coefficient decreases with time before 40 d. After
40d, the chloride diffusion coefficient of W-1 and W-2 also
decreases, while it increases for W-3 and W-4 with a larger
water—cement ratio. The reason may be related to the dis-
crete specimen itself. Overall, the chloride diffusion coeffi-
cient decreases over time.

Based on a large number of experimental data, Mangat
and Molloy [38] acquired a relationship of the chloride
diffusion coefficient in concrete with time as follows:
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Ficure 5: Chloride diffusion coefficient over time.

t 24
Dg = Dl(?l> , (15)

where t, is reference time, that is, exposure time of the first
sample (s), t is exposure time greater than the reference time
(s), D, is the chloride diffusion coefficient (m?*/s) at ,, and «
is the empirical coefficient.

Figure 5 shows the chloride diffusion coeflicient over
time. Assuming that t; is 20d, the relative ratio of the
chloride diffusion coefficient is averaged under three tem-
peratures for 20 d, 40 d, and 60 d. Equation (15) was fitted to
determine the empirical coefficient a of 0.65.

4. Chloride Transport Model

4.1. Moisture Transport Model. The main driving force for
moisture transport in unsaturated concrete is capillary
pressure. In [39], the relationship between the moisture
transport velocity and capillary pressure is expressed by the
Darcy-Buckingham equation as follows:

v = —hgrad (Pe) (16)
#
where v is the moisture transfer rate (m/s), k; is the effective
transport permeability of water (m?), which is related to the
content of water in concrete and the microscopic geometric
parameters of the pore, and y is the dynamic viscosity co-
efficient of water (Pa-s).

The mass of water flowing into the concrete is equal to
the mass flowing out. Regardless of the moisture from liquid
to vapor in the pores, the water transport equation can be
expressed as [40, 41]

k, op,

ﬁ rla—s grad (S) (17)

V=-—

The effective permeability of moisture transport can be
expressed as

k, = kk,, (18)



where k is the intrinsic permeability of concrete (m?) and k,;
is the relative permeability, which is a parameter associated
with the saturation.

From equations (17) and (18), the moisture transport
model in concrete can be described:

% = div[D(S)grad (9)], (19)
)
D(S) = Lo (20)

where ¢ is the porosity of concrete and D (S) is the
transmission coeflicient of liquid water.

The relationship between the dynamic viscosity coefhi-
cient of water y and temperature T can be expressed as
follows [42]:

D, (S) =

0.02511kk,;p, RT (T - 180.7)S™*'** exp(—-0.03 (T - 180.7)S**")
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0.001775
1+0.0837 (T - 237.15) + 0.000221 (T - 237.15)|
(21)

"

Moisture transport consists of absorption and desorp-
tion. From equations (19) and (20), two basic parameters can
be found: p, and S. To reflect the real moisture absorption
and desorption transport process, the derivatives describing
the relationship of capillary pressure and saturation in the
process of water absorption and desorption can be obtained
according to equations (7) and (8), respectively. Equation
(21) was substituted into equation (20) to obtain the
moisture transfer coefficient in moisture absorption and
desorption, that is, equations (22) and (23):

) (22)

Dy, (S) =

uM (1~ exp(0.03 (T - 180.7)8))

0.252kk,;p, RT (T — 258.76)S** exp(—0.05 (T - 258.76)S™**).

(23)

S

4.2. Chloride Transport Model. The chloride transport in
concrete is essentially a coupling interaction of capillary
chloride migration in water and chloride diffusion against
concentration difference [22, 43]. The chloride transport flux
caused by capillary action is

Juwe =Cums (24)

where ], is the chloride transport flux caused by capillary
action (kg/ (m?%s)) and C,, is the concentration of chloride in
pore solution (kg/m3 ).

Meanwhile, the relationship between chloride con-
centration in the pore solution of concrete and free
chloride content (percentage of concrete quality) is as
follows:

_Gyp

C,= .
w ¢S

(25)

By substituting equations (17) and (25) into equation
(24), the chloride transport flux caused by capillary action
can be expressed as

Je = —%D(S)gradw), (26)

where Cyis the chloride content in concrete (%) and p is the
density of concrete (kg/m”).

The chloride diffusion transport flux caused by chloride
content gradient in concrete can be expressed as

Jac = —Dclgrad(Cf), (27)

where J ;. is the chloride transport flux caused by diffusion.

uM(1 - exp(—0.05 (T - 258.76)S™**))

In concrete pore solution, ions can only be transported
by diffusion behavior, which is closely relevant to concrete
saturation. Therefore, the chloride diffusion coefficient is
largely relevant to the saturation of concrete. Climent et al.
found a linear relationship between chloride diffusion co-
efficient and saturation in unsaturated concrete [44]. Gui-
mardes et al. [45] also put forward the polynomial model, but
when the concrete saturation is less than 50%, the reliability
of the chloride diffusion coefficient calculated by this model
will be reduced. The concrete saturation range established in
the water transport model in this paper is large, so the linear
model proposed by Climent is used:

Dq (S) = DgS, (28)

where D¢ (S) is the chloride diffusion coefficient in un-
saturated concrete.

Combining equations (14), (15), and (28), the equation of
chloride diffusion coefficient in unsaturated concrete can be
established:

u/f1 1 t\*
DCI = Dl exp(i (T—l - ¥>><?1> S. (29)

When chloride penetrates the interior of concrete, some
ions will be chemically bound by the hydration products in
cement to produce new hydrates, and some will be physically
adsorbed by the pore surface of interior concrete. The
binding capacity of chloride is mainly affected by the content
of C;A in concrete, auxiliary cementitious materials, and PH
value of pore solution. Therefore, the total chloride content
in concrete is the sum of free chloride content and bound
chloride content, which is expressed as follows:
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Ct = Cb + Cf’ (30)

where C, is the bound chloride content in concrete (%).

For chloride transport in concrete, it is necessary to
quantitatively express the relationship between the free
chloride content and the bound chloride content. Tuutti [46]
found that linear binding could well describe such a rela-
tionship as follows:

C, =BCy, (31)

where f3 is a constant based on the cementing material and f3
is 0.15 according to a number of practical engineering
surveys in [26].

The chloride transport in concrete is governed by
chloride diffusion and moisture capillary and caused by
chloride concentration gradient, water flow, and binding
interaction. Thus, it can be expressed as

% = div[D(S)grad (S)], (a),

oC . C D (S)grad(S)

a—tf = div DClgrad(Cf) + f(w—&( , (b)),
(32)

where Ry = (1 + k), k= 0.15.

4.3. Heat Balance Equation. The heat balance equation
correlated to the saturation can be established based on
Fourier’s law [47] as

T
sz_t + grad (—Aggrad (T)) = Q, (33)

where c¢ is the specific heat of the material (J/kg-K), Ag is the
thermal conductivity at different saturations (W/m-K), and
Q is the heat flux (J/m?>s). The negative sign indicates that
the direction of heat flow is opposite to the direction of the
temperature gradient.

In this paper, the transient plane source (TPS) technique
was used to determine the thermal conductivity of concrete
for a given mix proportion at the same saturation values of 0,
0.3, 0.5, 0.7, 0.9, and 1.0 in the moisture absorption and
desorption. The relationship between the thermal conduc-
tivity and saturation is

s =(1+0.34328%)A,, (34)

where A, is the thermal conductivity under dry condition
(W/m-K).

5. Numerical Simulation

5.1. Model Parameters and Mesh Generation. The concrete is
considered as a homogeneous and isotropic continuous
medium. The solid skeleton of concrete is assumed as a rigid
and invariant material which does not react with liquid
phase and gas phase. Based on this assumption, the one-
dimensional chloride transport in concrete was explored.

According to equations (22), (23), (29), (32), and (33), a
numerical transmission model was established by
COMSOL® software. The physical parameters of heat
transport are shown in Table 6. The physical parameters of
the moisture transport model and the chloride transport
model are shown in Table 7.

The size of the moisture transport model is the same as
that of the experimental specimen used in the test, namely,
30mm x 100 mm x 100 mm. A total of 9520 tetrahedral el-
ements were used to develop the finite element model with
DOFs (degree of freedom) of 28,186 and convergence cri-
teria of 107>, as shown in Figure 6(a). Water can only be
transmitted through the left boundary with the remaining
surfaces closed, and there is no water transmission flux.

The chloride transport model is a two-dimensional
geometric model in size of 100 mm x 100 mm. The quad-
rilateral element is selected for the mesh division of this
model. To make the solution domain of model denser, the
quadrilateral element is divided by the detailed element size.
A total of 578 domain elements and 48 boundary elements
were used to develop the finite element model with DOFs of
28,186 and convergence criteria of 107>, as shown in
Figure 6(b). Chloride can only be transmitted through the
left boundary, the remaining surfaces are closed, and there is
no ion transmission flux.

5.2. Moisture Transport Model Validation. The moisture
absorption under three temperatures (20°C, 35°C, and 50°C)
and two RH (80% and 90%) conditions was simulated based
on the developed model and compared with the corre-
sponding experimental results. The initial saturation and
temperature were 0.08 and 283.15k, respectively. The sim-
ulation time was the absorption equilibrium time for the
three temperatures, which was approximately 350h. The
moisture absorption simulated results and experimental
results are shown in Figure 7.

The saturation of concrete increases over time, and its
growth rate is similar for different temperatures and RHs,
which indicates that the simulated results are in good
agreement with the experimental results. However, the
experimental values are slightly higher than the simulated
values. This is due to the existence of water condensation
inside the concrete during the test. Therefore, the moisture
absorption in the simulated results is slightly lower than that
in the experiment.

The moisture desorption was simulated under temper-
atures of 20°C, 35°C, and 50°C and RHs of 10% and 35% and
compared with the experimental results for validation. The
initial saturation of 1 and temperature of 283.15k were used.
The boundary saturation of concrete was equilibrium sat-
uration with a simulation time of 250 h.

Figure 8 provides the simulated and experimental results
for desorption, which shows good coherence. For 10% RH,
the difference between the simulated and the experimental
equilibrium saturation increases with temperature increas-
ing. When the concrete is in low saturation, the simulated
moisture desorption rate is slightly lower than that of the
experiment. It shows that water evaporation has little effect
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TaBLE 6: Heat transfer physical parameters.

Parameter Dry thermal conductivity, A, (W/m/K) Specific heat, ¢ (J/kg-K) Concrete density, p (kg/m?) Porosity, ¢
Value 1.578 900 2297 0.1796

TaBLE 7: Moisture transport and chloride transport physical parameters.

Water density, p; Intrinsic permeability, k
(kg/m?) (m?)

Value 1000 0.018 1.11x 107" 1.413x1072!

Parameter Molar mass of water, M (kg/mol) Chloride diffusion coefficient, D; (m?/s)

0.09 4 -
0.08 -
0.07 4 -
0.06 4 -
0.05 -
0.04 4 -
0.03 4 -
0.02 | -
0.01 =

0+ mh
T T T T

0 002 004 006 008 0.1
(a) (b)

FIGURE 6: The finite element model of concrete: (a) moisture transport model and (b) chloride transport model.
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FIGURE 7: Test and simulation values of moisture absorption process: (a) 80% RH and (b) 95% RH.

on the desorption rate of low saturation concrete, and its ~ 5.3. Chloride Transport Model Validation in Saturated
effect on equilibrium saturation increases with the increase =~ Concrete. The simulated and experimental results of chlo-
of temperature. Therefore, the simulated model is accurate. ~ ride transport in saturated concrete of 0.46 water—cement
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FiGure 8: Simulated and experimental results of moisture

ratio were used for validation. The size of the concrete
specimen was 100 mm x 100 mm x 100 mm. The time of
chloride penetration test was 60 days. The temperatures of
20°C, 35°C, and 50°C were used with a surface chloride
content of 0.105%, 0.123%, and 0.233% as a boundary
condition, respectively. The initial temperature was 293.15K
(0°C), and saturation was 1.0. The chloride penetration depth
and chloride content distribution under three temperatures
at 60 d were simulated.

It can be seen from Figure 9 that the simulated results are
basically the same as the experimental results. The simulated
chloride penetration depth is greater than that of the experi-
ment. This could be explained as follows: (1) Bao et al.’s [48]
study shows that the higher the relative humidity of the
specimen-exposed environment leads to the greater water
content within the specimen. The chloride diffusion was tested
in a closed salt spray corrosion environment with a high RH,
resulting in greater internal water content of the concrete
specimens. At the same time, the condensation effect of water
vapor occurred on the surface of concrete, forming a “water
film” to dilute the chloride concentration, resulting in a reduced
chloride concentration. Thus, the simulated chloride penetra-
tion rate and depth are greater than the experimental values. (2)
In the experiment, the chloride content on the concrete surface
gradually increased over time, and the results are consistent
with the findings in [49], while in simulation, it is larger than the
experimental value at 60 d. Therefore, the simulated chloride
content is greater than the experimental results.

5.4. Chloride Transport Model Validation in Unsaturated
Concrete. Concrete specimens with initial saturation of 0.7
were made with the same proportion as W-2. After curing,

test value simulation value

(b)

desorption: (a) 10% RH and (b) 35% RH.

0.25

0.15

Chloride ion content
(Percentage of concrete quality %)

0 20 100
Depth from concrete surface (mm)
—A- 20°C
test value
- -~ 20°C
simulated value
-@- 35°C -
test value

--- 35°C
simulated value
-m- 50°C
test value
50°C
simulated value

FiGure 9: Chloride content distribution in concrete at 20°C, 35°C,
and 50°C.

the concrete was cut horizontally into two
100 mm x 100 mm x 50 mm specimens for the chloride
penetration test of unsaturated concrete. When the tem-
perature and humidity became equilibrium, 20 g NaCl solid
was placed on the top of the specimen. The specimens were
wrapped and sealed with plastic film and were then put into
a chamber (temperature =25°C, RH=50%). The chloride
content in concrete was measured by a CLU-S type chloride
content tester at 20 and 80 days.
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Next, the simulated and experimental results of 0.7
concrete specimens were compared to validate the chloride
transport model for unsaturated concrete. The boundary
condition (x=0) of chloride content is the experimental
value of surface chloride content of 20 d and 80 d, which are
0.0344% and 0.0392%, respectively. Furthermore, the initial
saturation of 0.7, the initial temperature of 293.15K (20°C),
and the chloride content of 0 were used for modeling. The
comparison result is shown in Figure 10.

According to Figure 10, the trends of simulation coin-
cide with that of the experiment, which effectively proves the
reliability of the chloride transport model for unsaturated
concrete. The chloride penetration depth was 12 mm and
20mm at 20d and 80d, respectively. The experimental re-
sults were slightly smaller than the simulated results.

5.5. Capillary Effect on Chloride Transport in Moisture
Absorption. The chloride transport in concrete with dif-
ferent saturation under moisture absorption was simulated
to evaluate the effects of diffusion and capillary action on
chloride transport.

The concrete boundary conditions (x=0) were set as
follows: the temperature of the left terminal face of con-
crete=308.15K (35°C); the chloride content=0.29%; and
the saturation=0.6, 0.8, and 1. The initial condition is as
follows: temperature =293.15 K (20°C), chloride content =0,
and saturation = 0.4. The simulation was calculated with the
step length of 1d and the total duration of 365d. The dis-
tribution of chloride content at 50 mm depth under diffusion
is shown in Figure 11, where PDS is pure diffusion saturation
and CMAS is coupled moisture absorption saturation.

The chloride content in the boundary conditions of the
numerical simulation was based on the experiments, but it is
not exactly the same as experiment results. It should be
noted that the boundary chloride content (0.2%) at 293.15K
(20°C) was artificially set, which means that the influence of
boundary chloride content on chloride transmission was
studied. However, the boundary chloride content of 308.15 K
(35°C) was calculated according to equation (35). Equation
(35) ignores the influence of time on the surface chloride
content as seen in Figure 3, which is fitted considering the
ratio of temperature parameter (T/T;) and the relative value
of the surface chloride content (C;/C;) with R? of 0.929:

%—OOOOZeX 8.471 1 (35)
c, P T )

where T, is 293.15K (20°C), C; is the surface chloride
content corresponding to T'=293.15K (20°C), and Cris the
surface chloride content corresponding to the temperature
T.

It can be seen from Figure 11 that, in moisture ab-
sorption, the chloride content is higher in the concrete with
greater boundary saturation. However, the difference be-
tween chloride content under coupling action and diffusion
gradually increases because the chloride transport under
coupling action was the result of both diffusion effect and
capillary action. Therefore, the chloride transport speed
under coupling action is greater than that under pure
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Figure 10: Chloride content distribution in concrete at 20d and
80d.
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Figure 11: Chloride content distribution under diffusion in
moisture absorption.

diffusion. This also indicates that the influence of capillarity
action on chloride transport gradually increases with the
increment of saturation gradient. When the saturation is 0.6,
the effect of capillary action on chloride transport is min-
imal. At the same time, the difference between the chloride
content under the coupling action and pure diffusion in-
creases first and then decreases with the depth increasing.
Regardless of saturation, the effect of capillary action on
chloride transport increases firstly and then decreases with
the increase of depth.

5.6. Capillary Effect on Chloride Transport of Saturation in
Moisture Desorption. The chloride transport in concrete
with different saturation under moisture desorption was
simulated. Comparing the diffusion and coupling transport
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Figure 12: Chloride content distribution under diffusion and coupling action for moisture desorption.
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F1GURE 13: Comparison of chloride coupling migration and pure diffusion in chloride transport model: (a) coupled moisture desorption,

saturation 0.6; (b) pure diffusion, saturation 0.6.

(diffusion and capillary action) of chloride in concrete, the
influence of coupling transport in the moisture desorption
environment was assessed. Furthermore, the effect of cap-
illary action on chloride transport was also investigated.

The concrete boundary conditions (x=0) were set as
follows: the temperature of the left terminal face of con-
crete = 308.15k (35°C), the chloride content = 0.29%, and the
saturation = 0.4. The initial condition was as follows: tem-
perature =293.15K (20°C); chloride content=0; and satu-
ration = 0.6, 0.75, 0.9. The simulation was calculated with the
step length of 1d and the total duration of 365d. The dis-
tribution of chloride content at 50 mm in the diffusion and
hygrothermal coupling of concrete is shown in Figure 12,
where PDS is pure diffusion saturation, CMDS is coupled
moisture desorption saturation.

It can be found in Figure 12 that the content of chloride
for pure diffusion increased slightly with the increase of
saturation while the chloride content decreased gradually
with the increase of saturation for coupling action.

Meanwhile, with saturation gradient increasing, the differ-
ence of chloride content between coupling action and dif-
fusion is increased. The effect of capillary action on chloride
transport is gradually enhanced with saturation gradient
increasing. When the saturation is 0.9, the difference in
chloride distribution between diffusion and coupling action
is the largest, and then the effect of capillary action on
chloride transport is the strongest. Meanwhile, for a given
saturation gradient, the effect of capillary action on chloride
transport increases first and then decreases with the in-
crement of depth.

The effect of internal saturation on chloride coupling
migration and diffusion transmission is compared in
Figures 13-15 at 256 days. It is found that, with the internal
saturation increasing, the chloride content at the same depth
under the coupling transmission increased while the chlo-
ride content at the same depth of pure diffusion transmission
is not significant. When the internal saturation was the same,
the chloride content of the same depth was larger in pure
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F1GURE 14: Comparison of chloride coupling migration and pure diffusion in chloride transport model: (a) coupled moisture desorption,

saturation 0.75; (b) pure diffusion, saturation 0.75.
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FiGure 15: Comparison of chloride coupling migration and pure diffusion in chloride transport model: (a) coupled moisture desorption,

saturation 0.9; (b) pure diffusion, saturation 0.9.

diffusion transmission. The reason for this phenomenon is
that the effect of the concentration difference under diffusion
transmission on the chloride content of the same depth
became gradually stabilized, while the effect of capillary
action on chloride transmission at the same depth was
increasing.

6. Conclusions

In this paper, the diffusion and capillary flux of chloride in
unsaturated concrete at different temperatures was experi-
mentally investigated, and the relationship between capillary
pressure and concrete saturation at different temperatures
was achieved. Further, a transport model of temperature-
humidity-chloride was established. The influence of capillary
pressure on chloride transport in moisture absorption and
desorption was evaluated. From the experimental and
simulated results, the following conclusions are drawn:

(1) The inflection points of equilibrium saturation in
isothermal moisture absorption and desorption for
RH are 50% and 80%, respectively. In the moisture

absorption (desorption), when RH is lower than
(higher than) the inflection point, the temperature
has little effect on the equilibrium saturation. But
when RH is higher than (lower than) the inflection
point, the saturation increases with temperature
decreasing.

(2) The increment of temperature cause the increases in

chloride diffusion coefficient, and the increasing rate
of chloride diffusion coefficient gradually reduces
over time and finally stabilizes.

(3) The simulated model is in good agreement with

experimental results. However, it should be pointed
out that the chloride transport model of unsaturated
concrete has some defects and limitations in the lack
of time-varying effect of chloride concentration.

(4) The chloride transport velocity of the coupling en-

vironment is higher than that of pure diffusion in a
moisture absorption environment with more chlo-
ride content found at the same depth. However, the
opposite result is presented in the desorption pro-
cess. Moreover, the effect of capillary action on
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chloride transport increased with saturation in-
creasing [50, 51].
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