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Abstract Based on seawater immersion, drying-wetting cycles, carbonation and drying-wetting cycles for coral aggregate sea-
water concrete (CASC) with different strength grades, the effect of carbonation and drying-wetting cycles on chloride diffusion be-
havior of CASC is studied. The results show that the free surface chloride concentration (C;), free chloride diffusion coefficient (Dy)
and time-dependent index (m) of CASC in the drying-wetting cycles is obviously higher than that in seawater immersion. The Df and
m of CASC of carbonation and drying-wetting cycles is higher than that in the drying-wetting cycles. Carbonation increases the Dy
and m of CASC, which is against CASC to resist chloride corrosion. The corrosion possibility of CASC structures in different ex-
posed areas is as follows: splash zone (carbonation and drying-wetting cycles)>tidal zone (drying-wetting cycles)>underwater zone
(seawater immersion). Besides, the chloride diffusion rate of C65-CASC is 17.8%—63.4% higher than that of C65-ordinary aggre-
gate concrete (OAC) in seawater immersion (underwater zone). Therefore, anti-corrosion measures should be adopted to improve the

service life of CASC structure in the oceanic environment.
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1 Introduction

Islands in the South China Sea are far away from the
mainland, and there are no sandstones and freshwater.
The application of coral aggregate seawater concrete
(CASC) using coral, coral sand and seawater as primary
raw materials is of great significance for the ocean engi-
neering (Yu et al., 2017; Yang et al., 2018; Lyu et al.,
2019; Ma et al., 2019, 2020). However, chloride corro-
sion, drying-wetting cycles and carbonation will signifi-
cantly affect the concrete durability in the oceanic envi-
ronment (Chen et al., 2008; Da et al., 2018; Liu et al.,
2018; Wu et al., 2020). Therefore, studies on chloride
diffusion behavior of CASC in the carbonation and dry-
ing-wetting cycles is of great importance on civil engi-
neering.

Da et al. (2016a, 2020) find that coral aggregates are a
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kind of naturally porous structural materials. CASC has
chloride diffusion characteristics of high initial free chlo-
ride concentration (Cp), high free surface chloride con-
centration (C;) and high apparent chloride diffusion coef-
ficients (D,), and its Cy (0.11%—0.21%) is much higher
than the chloride threshold concentration (C) of common
steel (about 0.05%), which leads to extremely severe
corrosion, affecting the safety and durability of CASC
structures. Real ef al. (2018) studied on chloride diffusion
behavior of lightweight aggregate concrete (LAC), and
find that the chloride penetration at a certain depth were
higher in LAC with lightweight aggregates of higher po-
rosity. Bogas et al. (2019) found that when the same
strength grade, the LAC can have similar better carbona-
tion resistance performance than ordinary aggregate con-
crete (OAC) in the laboratory or oceanic environments. In
the research of chloride diffusion behavior of OAC, Mei-
jers et al. (2005) found that in the drying-wetting cycles,
corrosion products continuously are produced in OAC,
which leads to its destruction. Besides, the degradation
rate of OAC in the drying-wetting cycles is much faster
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than that in seawater immersion. Yu et al. (2019) found
that in the drying process, chloride salt enters the concrete
due to the evaporation of H,O, resulting in crystallization
pressure, destroys the crystallization zone of concrete.
Therefore, the drying-wetting cycles accelerate the speed
of chloride penetrating OAC. Jin et al. (2007) found that
carbonation can increase the chloride concentration in
OAC. The free chloride diffusion coefficient (D) increase,
and the growth rate of Dy increases with the extension of
exposure time (f). Zhang et al. (2011, 2017) study on
chloride diffusion properties in low-density (LD) and
high-density (HD) calcium-silicate-hydrate, and a nu-
merical method of directly achieving diffusivities is pro-
posed. At present, researches on chloride diffusion be-
havior of concrete mainly focus on OAC and LAC.
Therefore, for the highly porous characteristics of CASC
and the real oceanic environment characteristics, this pa-
per studies how carbonation and drying-wetting cycles
influence chloride diffusion of CASC.

With the method of natural diffusion, the free chloride
concentration (Cy), total chloride concentration (C;) of
CASC in seawater immersion, drying-wetting cycles and
carbonation and drying-wetting cycles are systematically
tested. The rule of chloride concentration is worked out.
The chloride binding capacity (R), Cs, Dy and time-de-
pendent index (m) of CASC with different strength are
studied, compared with the durability parameters of OAC.
The rule of chloride diffusion of CASC in the carbonation
and drying-wetting cycles is summarized, which provides
theoretical basis for the application of CASC in the ocean
engineering.

2 Experiments
2.1 Raw Materials

The coral sands are from an island in the South China
Sea, chloride concentration is 0.112%, apparent density is
2500 kg m >, bulk density is 1115 kg m™, porosity is
45.0% and fineness modulus is 2.9. The coral (Da et al.,
2016b) is also from an island in the South China Sea,
chloride concentration is 0.074%, apparent density is
2300 kg m*, bulk density is 1000 kg m >, porosity is
58.5%, cylinder compressive strength is 3.8 MPa, and the

cylinder compress strength is tested according to Light-
weight aggregates and its test methods Part 1: Test meth-
ods for lightweight aggregates (GB/T 17431.2-2010).
Ordinary Portland cement P-II 52.5, Class I fly ash (FA),
S95 grinding slag (SG) and JM-B naphthalene water-
reducer are chosen. Seawater is prepared according to
ASTM D1141-2003, in which the mass ratio of NaCl:
Na,S0,4:MgCl,'6H,0:KCl:CaCl, = 24.5:4.1:11.1:0.7:1.2
Yu et al. (2019).

2.2 Experiment Scheme

Table 1 shows the mix proportion of CASC. Among
them, W/B is the water-binder ratio. The test method ac-
cording to Standard for test methods of long-term per-
formance and durability of ordinary concrete (GB/T
50082-2009). The size of the sample is 100mm x 100 mm
x 100 mm, the curing age is 28 d, the curing temperature is
(20+£3)C, the relative humidity is (70 +10)%, and the
CO;, concentration is (20 +3)%. Variables include sea-
water immersion (P, simulates the underwater zone),
drying-wetting cycles (PG, simulates the tidal zone) and
drying-wetting-carbonation cycles (PT, simulates the
splash zone). The exposure time of P is 0, 30, 78 and 120
d respectively. The cycle times of PG and PT are 2, 4, 6,
8, 10, 12 and 14 respectively, and one cycle lasts 6d. The
cycle system of PG is immersion (2d)—drying (2d)—
air-drying (2d). The cycle system of PT is immersion (2d)
— drying (2d)— carbonation (2d). Fig.1 shows the sche-
matic diagram of cycle system.
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Fig.1 Schematic diagram of cycle system.

Table 1 Mix proportion of CASC

Concrete Cement SG FA  Coralsand Coral Seawater ~ Water-reducer W/B Slump 284, Density
strength (kg) ke) ko) (kg (kg) (kg) (kg) (mm) Y (kgm?)
C30 275 150 75 873 582 296 8.3 0.59 125 57.4 2167
C50 620 120 60 860 369 221 6.0 0.28 120 64.9 2183
C55 780 150 70 700 300 250 6.0 0.20 255 68.9 2267

2.3 Tests and Analysis Method
2.3.1 Powder collection

Collect powder from CASC samples at different ¢.
Drilling depth is 0-5, 5-10, 10-15, 15-20, 20-25, 25-30,
30-35, 35-40, 4045 and 45-50 mm. Fig.2 is drilling
locations of CASC powder.
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2.3.2 Chloride concentration and chloride
binding capacity
According to Testing code of concrete for port and
waterwog engineering (JTJ 270-1998), the C¢ and C, are
tested by water-soluble and acid-soluble method respec-
tively. Besides, according to the R defined by Tang
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L

Fig.2 Drilling locations of CASC powder. Note: 1, 2, 3
and 4 in the figure are powder collection points. The
minimum vertical distance between the collection points
and the two sides is d,=d,=20mm respectively. Drilling
depth is 4.

et al. (2008), and the relationship between C; and C; of
concrete structures, R is expressed as follows:

Cb =Ct_Cf

R=9G NG =C) _9C | _p i
aCf E)Cf aCf

Ct =KCf

cfzcs+i i i 3(C0—Cs)sin[rznx

1

where D, is the apparent chloride diffusion coefficient; L,
L, and L; are the depths in the directions of x, y and z,
respectively.

According to Maage et al. (1996), the Dy is expressed
as follows:

Dy =(1+R)D, . 4)

The Dy reflects the chloride penetration rate of concrete.
The higher the D is, the faster the chloride concentration
increases.

2.3.4 Time-dependent index of free chloride
diffusion coefficient

Concrete hydration is a slow process. As the hydration
goes on, the porous structure of concrete is gradually im-
proved, and its Dy is slowly reduced. Thomas ez al. (1999)
found that the rule of D; with ¢ is expressed as follows:

Di(t)=A-t™", )

where m is the time-dependent index of Dy A4 is a fitting
parameter.

3 Results and Discussion

3.1 Seawater Immersion

where C; is the total chloride concentration (%); Cr is the
free chloride concentration (%), when ¢ = 0day, C; = ini-
tial chloride concentration (Cy); Cy, is the binding chloride
concentration (%); R is the chloride binding capacity. The
R of concrete will not only reduce Cj, but also reduce Cy.
When Ct is lower than C,, steel bars will not rust.

2.3.3 Free surface chloride concentration and free
chloride diffusion coefficient

The Ct at an average depth of 2.5, 7.5, 12.5, 17.5, 22.5,
27.5, 32.5, 37.5, 42.5 and 47.5mm is measured, and the
C; is obtained according to the chloride diffusion model
(Yu et al., 2002; Da et al., 2016¢). The three-dimensional
chloride diffusion model of concrete as follows:

0°C; 9*C; 9°Cy  10C;
+ + =——"1
ox*  oy* 9z D ot
Initial condition: ¢ =0, x>0, y >0, z>0, C; =C,

Boundary conditions: -(2)
t>0,x=0, C;=Cy; x=1,, C; =C,
t>0,y=0,C =C; y=L,, C; =C;
t>0,z=0, C, =C; z=1Ls, C; =C;

Therefore, the three-dimensional chloride diffusion ho-
mogeneous model of concrete is obtained as follows:

2.2 22 2 2
]sin(m[y]sin[panexp -D, m;[ +1 ;[ +2 7; tl> (3)
L L L L L

3.1.1 Chloride concentration

Fig.3 shows the chloride concentration of CASC in
seawater immersion. Among them, the concrete strength
grade is C65, and the ¢ is 0, 30, 78 and 120d, respectively.
It shows that the C; and C; of CASC increase with the
extension of ¢ and decrease gradually as the depth of dif-
fusion grows, and tend to be stable at a certain depth.
Besides, when the depth is 2.5 and 7.5mm, C; of C65P
under 120days’ exposure increases by 23.2% and 48.5%
respectively compared with that under 30 days’ exposure.
When the depth reaches 12.5 mm, the relative growth rate
of C; remains stable at 4.0%-10.4%. The main reasons
are as follows: the chloride concentration increases gra-
dually with the extension of 7. However, as CASC hy-
drates, the internal pores structure of concrete is improved,
which makes various ions silt up the pores of CASC, thus
blocking the channel through which chloride diffuses, and
then enhancing the capacity of against chloride diffusion.
Therefore, with the extension of ¢, the growth rate of
chloride concentration in CASC gradually slows down.

3.1.2 Chloride binding capacity

According to the analysis, the R of C50P, C60P and
C65P are 0.1967, 0.2466 and 0.1486, respectively (C50P:
y=1.1967x, *=0.9068; C60P: y=1.2466x, r*=0.9385;
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Fig.3 Chloride concentration of CASC in seawater immersion. C50P indicates that the concrete strength is C50 and the cy-

cle system is seawater immersion (P).

C65P: y=1.1486x, r2:O.8732). Besides, the growth of C¢
is linear with that of C, which is not related to z. The
main reason is that the concrete absorbing chloride is a
comprehensive process of physically and chemically. The
t only affects value of C; and C, but does not affect ab-
sorption. Therefore, there is no need to take into account
the effect of # in the study on R of CASC.

3.1.3 Free surface chloride concentration
3.1.3.1 Different exposure time

Table 2 shows the C, of CASC in seawater immersion.
It indicates that the C; of CASC increases with the
extension of 7. The growth is faster at first and tends to be
stable later. Under the same #, C decreases with the in-
crease of concrete strength. In seawater immersion, the
relationship between C; and ¢ accords with the (1-m)
power exponent (Table 2). Besides, when exposed for 30,
78 and 120d, the C; of C65P decreases by 23.2%, 20.7%
and 26.1%, respectively, compared with that of C50P. The
main reasons are as follows: for high strength CASC,
with the extension of 7, its compactness gradually in-
creases due to the continuous hydration, and the internal
micro-pore structure improves continuously, blocking the
channel through which chloride diffuses, and enhancing
the capacity of against chloride diffusion. Therefore, the
growth rate of C; gradually slows down.

Table 2 Relationship between C; and ¢ of CASC in
seawater immersion

No. Fitting equations Co (%) k r
C,=k-t""+C, 0.046  0.9799
C50P 1-m 0.176
C,=kt2 +C, 0.123  0.8862
S
Co=k-1""+C, 0.052 09776
C60P 1-m 0.169
C,=k-t 2 +C, 0.117  0.8084
S
C,=k-1""+C, 0.085  0.9565
C65P 1-m 0.153
C. = k‘t? + CO 0.139 0.6624
S

Notes: k is a fitting parameter, 7 is a correlation coefficient.

@ Springer

3.1.3.2 Different concrete type

Fig.4 shows the C; of CASC and OAC in seawater
immersion. It indicates that when exposed for 30, 78 and
120d, the C; of C60P-CASC increases by 31.3%, 59.7%
and 14.5% respectively compared with that of C60P-
OAC. The main reasons are as follows: CASC is light-
weight aggregate concrete (LAC) with large porosity and
strong absorbency (Fig.5) (Cheng ef al., 2017; Wang et al.,
2020). Its porous structure becomes the channel through
which chloride diffuses. Besides, CASC is mixed with
seawater, which contains a lot of chlorine salts, the initial
free chloride concentration (Cy) of CASC reaches 0.11%
—0.21% (Liu et al., 2019; Wang et al., 2019), resulting in
a higher Ci.

0.6
C60P-OAC
C60P-CASC
0.5 | Il C65P-OAC
C65P-CASC
04}
e 03
3
0.2
0.1

30 78 120

Exposure time (d)

Fig.4 C; of CASC and OAC in seawater immersion.

3.1.4 Free chloride diffusion coefficient
3.1.4.1 Different exposure time

It is known by analysis the Dy of CASC decreases
power exponentially with the extension of exposure time
(¢) in seawater immersion (C50P: Dy=9E-117 % =

0.9406; C60P: D;=9E-117 % ,2=0.9495; C65P: D;=
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2E-107 "7 /2=0.8361), and the D; of CASC decreases
gradually with the increase of concrete strength. When
exposed for 78 and 120d, the D¢ of C65P decreases by
31.49% and 68.84%, respectively, compared with that un-
der 30 days’ exposure. The main reason is as follows: FA
and SG are added to CASC. In the early stage, the hydra-
tion of cement, FA and SG in CASC are not sufficient, so

the filling and pozzolanic effects of FA and SG cannot be
fully exerted, which increases the Dy. However, with the
extension of ¢, the C-S-H gel gradually forms in the cap-
illary interstice due to pozzolanic effect, which lowers the
porosity and pores size of CASC. Thus, the Dy is de-
creasing and the capacity of against chloride diffusion of
CASC is enhancing.

Fig.5 Porous structure of CASC. (a), coral-1; (b), coral-2; (c), coral-3.

3.1.4.2 Different concrete type

Fig.6 shows the Dy of CASC and OAC in seawater
immersion. The results show that the D; of CASC and
OAC decreases gradually with the extension of ¢, and the
Dy of CASC is much higher than that of OAC at the same
t. When exposed for 30, 78 and 120d, the D; of C65P-
CASC is 28%, 63.4% and 17.8% higher than that of
C65P-OAC respectively. The m of C60P-OAC (0.940)
and C65P-OAC (0.980) is higher than that of C60P-
CASC (0.618) and C65P-CASC (0.767), indicating that
the decline rate of Dr of OAC is faster than that of CASC.
This is mainly due to the porous structure of coral aggre-
gate, which makes it easier for chloride in seawater or sea
wind to enter CASC.

1.6E-11
C60P-OAC
C60P-CASC
C65P-0AC
12E-11 C65P-CASC
T
ji 8.0E-12
&
4.0E-12
0.0E+00

78 120
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Fig.6 D; of CASC and OAC in seawater immersion.

3.2 Drying-Wetting Cycles
3.2.1 Chloride concentration
3.2.1.1 Different cycle times
Fig.7 shows the chloride concentration of CASC in the

drying-wetting cycles. Among them, the concrete strength
grade is C65, and the cycle times is 2, 4, 6, 8, 10, 12 and
14, respectively. It indicates that: at the same diffusion
depth, the Cy and C; of CASC increase with the increase
of cycle times. Besides, when the diffusion depth is 7.5
mm, the Cr of C65PG increases by 25%, 31%, 77%, 71%,
50% and 66% respectively at 4th, 6th, 8th, 10th, 12th and
14th cycles compared with that at 2nd cycles. When the
diffusion depth is 37.5 mm, the C¢ of C65PG increases by
0.7%, 4.5%, 22.8%, 32.0% and 22.0%, respectively, at
6th, 8th, 10th, 12th and 14th cycles compared with that at
2nd cycles. The main reason is that when the concrete is
water-saturated, chloride begins to permeate into the con-
crete because of diffusion. When the external environ-
ment is dry, the H,O in the concrete evaporates outward
gradually. The whole process is accompanied by water
draining outward and chloride diffusing inward. At a cer-
tain depth of concrete, the chloride concentration will
increase, and the concentration difference of chloride will
increase. After many cycles, the chloride concentration
reaches its peak in a certain depth. From this peak inward,
chloride mainly is transferred by diffusion. From this
peak outward, chloride is mainly transferred by capillary
absorption and moisture evaporation. With the increase of
cycle times, the peak point of chloride concentration
tends to move to the interior of concrete. The chloride
accumulation and transmission rate mainly depend on the
drying-wetting cycle times. Therefore, the more the cy-
cles, the faster the peak point of chloride concentration
moves inward.

3.2.1.2 Different cycle system

Fig.8 shows the chloride concentration of CASC in
seawater immersion and drying-wetting cycles. Among
then, the concrete strength grade is C50, and the ¢ is 120
days’. It indicates that there is little difference between
the C; of C50P and that of C50PG at the concrete surface,
while the difference of C;between C50P and C50PG is

@ Springer



118 DA et al./ J. Ocean Univ. China (Oceanic and Coastal Sea Research) 2022 21: 113-123

17.5% at the concrete surface. With the increase of diffu-
sion depth, the difference of C; between C50P and C50PG
increases gradually. When the diffusion depth is 12.5,
17.5 and 22.5mm, the C; (C;) of C50PG increases by 32%
(48%), 54% (52%) and 61% (50%), respectively, com-
pared with that of C50P. When the diffusion depth reach-

0.6

es 27.5 mm, the difference of C; between C50P and
C50PG tends to be stable. The results show that the dry-
ing-wetting cycles can promote the chloride diffusion of
CASC, and barely affect the surface of concrete, but it
significantly influences the chloride concentration as the
depth increases.
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Fig.7 Chloride concentration of CASC in the drying-wetting cycles. (a), C; (b), C..
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Fig.8 Chloride concentration of CASC in seawater immersion and drying-wetting cycles. (a), Cg (b), C,.

3.2.2 Chloride binding capacity

According to the analysis, there is a linear relationship
between Crand C; of C50PG in the drying-wetting cycles
(C50PG-2: y=1.4193x, »=0.9063; C50PG-4: y=1.3679x,
7=0.9400; C50PG-6: y=1.3339x, *=0.9281), which is
consistent with seawater immersion. Besides, with the
increase of drying-wetting cycle times, the R of CASC
decreases gradually, and its durability decreases.

3.2.3 Free surface chloride concentration
3.2.3.1 Different cycle times

Table 3 shows the C; of CASC in the drying-wetting
cycles. The results show that the C; of CASC increases
with the increase of cycle times, and the growth is faster
at first and tends to be stable later. After 8th cycles, the C;
of CASC almost reaches a steady state. In the drying-wet-
ting cycles, the relationship between C; and cycle time
accords with the (1—m) power exponent (Table 3). Be- si-
des, under the same cycle time, C; decreases with the
increase of CASC strength. When the cycle times is 4, 8§,
12 and 14, the C; of C65PG decreases by 16.7%, 13.2%,

a) Springer

Table 3 Relationship between C; and ¢ of CASC in the dry-
ing-wetting cycles

No. Fitting equations Co (%) k r

C, =k-1"" +C, 0.053  0.9831
C50P 1-m 0.176

C :k,t?_'_co 0.136 0.8893

S

C, =k-1""+C, 0.079  0.9496
C60P 1-m 0.169

C.=k-t?2 +C, 0.148 0.7803

Co=k-1™"+C, 0.098  0.9067
Cesp I=m 0.153

C,=k-t? +C, 0.168 0.7230

Notes: £ is a fitting parameter, r is a correlation coefficient.

10.3% and 10.7%, respectively, compared with that of
C50PG. The main reason is as follows: the C; of CASC
mainly depends on the capillary adsorption (concrete sur-
face) of chloride. Concrete absorbs seawater until it is
saturated by capillary adsorption. If the external environ-
ment becomes dry, the H,O in the pores will move to the
concrete surface, and evaporates through the capillary end.
Because only H,O is evaporated, the chloride concentra-
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tion in the concrete surface is increased, which is much
higher than that of the concrete interior. Thus a concen-
tration difference is formed, which drives the chloride in
the concrete surface to diffuse to concrete interior. With
the increase of concrete strength, the compactness of
CASC gradually increases, which enhances the capacity
of against chloride diffusion, and slows down the growth
rate of Ci.

3.2.3.2 Different cycle system

Fig.9 shows the C; of CASC in different cycle systems.
The results show that when exposed for 30, 78 and 120
days, the C of C50PG increases by 8.0%, 1.9% and 2.7%
compared with that of C50P, the C; of C65PG increases
by 16.3%, 4.7% and 14.7% compared with that of C65P.
That is to say, the Cs of CASC in the drying-wetting
cycles is higher than that in seawater immersion, indi-
cating that it is easier for chloride to diffuse into CASC in
the drying-wetting cycles than in seawater immersion.

0.7
C50P C50PG

0.6 F C60P C60PG
: C65P C65PG

0.5

041

G (%)

03F

02r

0.1F

30 78 120
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Fig.9 C, of CASC in seawater immersion and drying-wet-
ting cycles.

3.2.4 Free chloride diffusion coefficient
3.2.4.1 Different cycle times

It is known by analysis the Dy of CASC decreases
power exponentially with the increase of cycle times ()

in seawater immersion and drying-wetting cycles (C50PG:

Dy=4E-11n **, ¥*=0.9772; C60PG: Dy=3E-11n **, #*
=0.8991; C65PG: Dy=4E-11n""""", 12=0.9594), and the
D; of CASC decreases gradually with the increase of
concrete strength. The Dy of C50PG is 32%, 25%, 88%
and 66% higher than that of C65PG at 4th, 8th, 12th and
14th cycles. The main reasons are as follows: as the hy-
dration goes on, the C-S-H gel gradually forms in the
capillary interstice, which reduces the porosity and the
size of pores of CASC, thereby decreasing the D; of
CASC. In addition, the higher the strength of CASC is,
the denser the structure and the lower the porosity will be,
thus reducing the Ds.

3.2.4.2 Different cycle systems

Fig.10 shows the Dy of CASC in seawater immersion
and drying-wetting cycles. The results show that when

exposed for 30, 78 and 120d, the Dy of CS0PG increases
by 20.4%, 20.5% and 33.4%, respectively, compared with
that of C50P. The main reasons are as follows: in the dry-
ing-wetting cycles, the H,O in the pores on the CASC
surface evaporates rapidly, leaving the salt to crystallize
instantly and produce crystallization pressure, which
causes the surface to crack. These micro-cracks form the
channel for seawater to infiltrate into CASC. When
CASC is immersed in seawater again, there is a great dif-
ference in chloride concentration between the surface and
interior, which accelerates the speed of chloride permea-
tion under capillary adsorption. Therefore, the drying-
wetting cycles increase the Dy of CASC and make it eas-
ier for chloride to enter CASC, which reduces its durabil-

ity.
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Fig.10 D¢ of CASC in the different cycle systems.

3.3 Drying-Wetting-Carbonation Cycles
3.3.1 Chloride concentration
3.3.1.1 Different cycle times

Fig.11 shows the chloride concentration of CASC in
the carbonation and drying-wetting cycles. Among them,
the cycle time is 2, 4, 6, 8, 10, 12 and 14 respectively. It
indicates that: at the same diffusion depth, the C; of
CASC increases with the increase of cycle times. Besides,
in the 14th cycle, the chloride concentration of C65PT
tends to be steady when the diffusion depth is 11 mm,
while the chloride concentration of C50PT is not stable
when the diffusion depth is 19 mm. The main reason is
that the water saturation of concrete has a significant in-
fluence on chloride diffusion, and its water saturation is
not only related to the environment humidity, but also re-
lated to the compactness of concrete. When CASC chang-
es from saturation to unsaturation, moisture in CASC of
high strength penetrates slowly because of its high com-
pactness. However, moisture in CASC of low strength
evaporates quickly because of its weak compactness. Be-
fore CASC is immersed next time, the transfer of chloride
will be hindered by diffusion and capillary absorption,
therefore, the transfer will be accelerated, increasing the
chloride concentration in CASC. Thus, increasing the
strength of CASC can significantly enhance the capacity
of against chloride diffusion.

a) Springer
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Fig.12 is the surface state of CASC in the carbonation
and drying-wetting cycles. It shows that after 14th cycles,
the surface state of CASC does not change obviously, and
there is no obvious damage on the surface. In addition,
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Fig.12(c) shows that the carbonation depth of CASC is
measured by phenolphthalein reagent. It shows that only
C50 is carbonized but C65 is not. After 14th cycles, the
carbonation depth of C50 CASC reaches 6.12 mm.
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Fig.11 Chloride concentration of CASC in the carbonation and drying-wetting cycles. (a), C50PT; (b), C65PT.

Fig.12 Surface state of CASC in the carbonation and drying-wetting cycles. (a), CS0PT-14; (b), C65PT-14; (c), carbonation

depth.

3.3.1.2 Different cycle systems

Fig.13 shows the chloride concentration of CASC in
the different cycle systems. It indicates that for CASC of
high strength (C65P) in seawater immersion, the distri-
bution curve of chloride concentration is relatively
smooth, without apparent fluctuation, and monotonous
decline. As the strength of CASC decreases, carbonation
increases the chloride concentration of CASC, and there
obviously exists the ‘intersection point’ in the distribution
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curve of chloride concentration of CASC in seawater
immersion, carbonation and drying-wetting cycles. The
Fig.13(a) shows that: When the diffusion depth <6 mm,
the C; of CASC is higher in seawater immersion. When
the diffusion depth>6mm, the C; of CASC is higher in
the carbonation and drying-wetting cycles. Therefore,
carbonation will suppress first and then accelerate the
chloride concentration of CASC, indicating that carbo-
nation accelerates the increase of Cp which is against
CASC to resist chloride corrosion.
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Fig.13 Chloride concentration of CASC in the different cycle systems: (a), C50; (b), C65.

3.3.2 Chloride binding capacity

According to the analysis, there is a linear relationship

@ Springer

between C; and C, of C50PT in the carbonation and
drying-wetting cycles (C50PT-2: y=1.2998x, r*=0.8005;
C50PT-4: y=1.2520x, *=0.9590; C50PT-6: y=1.2179x,
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r*=0.9665). Besides, as the number of cycles increase,
the R of CASC decreases gradually, and its durability
weakens.

3.3.3 Free surface chloride concentration
3.3.3.1 Different cycle times

Table 4 shows the C, of CASC in the carbonation and
drying-wetting cycles. It indicates that the C; of CASC
increases with the increase of cycle times. The growth is
faster at first and slows down and tends to be stable later.
In the carbonation and drying-wetting cycles, the relation-
ship between C; and cycle time accords with the (1-m)
power exponent (Table 4). Besides, under the same cycle
time, C; decreases with the increase of CASC strength.
The main reason is that the conversion of Ca(OH), to
CaCOs; during carbonation enhances the compactness of
concrete, which means that carbonation hinders the chlo-
ride diffusion. Meanwhile, the number of capillary holes
in concrete increases, accelerating the chloride diffusion
in concrete, which indicates that carbonation either can
promote or hinder the chloride diffusion in concrete.
However, the C, of CASC increases with the extension of
carbonation time, and carbonation promotes the chloride
diffusion of CASC.

Table 4 Relationship between C; and ¢ of CASC in the car-
bonation and drying-wetting cycles

No. Fitting equations Co (%) k r
Co=k-1""+C, 0.048  0.9356
C50P 1-m 0.176
C,=k-t2 +C, 0.105  0.8724
S
Co=k-t'"™"+C, 0.063  0.8632
C60P I-m 0.169
C,=kt2 +C, 0.120  0.6894
S
Co=k-t'™"+C, 0.069  0.9264
C65P I-m 0.153
C :k,t? +C0 0.127 0.7543
S

3.3.3.2 Different cycle systems

Fig.14 shows the C; of CASC in the different cycle
systems. The results show that when exposed for 30, 78
and 120d, the C; of C50PT decreases by 8.9%, 29.9% and
20.7% respectively compared with that of C50P, and
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30 78 120
Exposure time (d)

Fig.14 C, of CASC in the different cycle system.

the C; of C65PT decreases by 0.5%, 15.3% and 1.3%
respectively compared with that of C65P. That is to say,
the C; of CASC in the carbonation and drying-wetting
cycles is lower than that in seawater immersion. The main
reasons are as follows: The longer time CASC is exposed
to seawater, the more easily the chloride will penetrate,
thus accelerating the growth rate of C.

3.3.4 Free chloride diffusion coefficient
3.3.4.1 Different cycle times

It indicates that the Dy of CASC decreases power ex-
ponentially with the increase of cycle times (n) in the
carbonation and drying-wetting cycles (C50PT: D¢ =
6E-11n""77, 7 =0.9256; C60PT: Dy=SE-11n"*%, /=
0.9777; C65PT: Dy=4E-11n "**2, 17=0.9492), and the D;
of CASC decreases gradually with the increase of con-
crete strength. The main reasons are as follows: carbona-
tion results in the micro-structures redistribution of CASC
and enlarges the size of micro-pores. Therefore, carbona-
tion speeds up the chloride diffusion and increases the Dy
of CASC.

Besides, with the increase of CASC strength, its m in-
creases gradually. The main reason is that with the exten-
sion of carbonation time, more Ca(OH), is involved in the
chemical reaction to produce CaCOj; in concrete, which
further enlarges the micro-pores size of CASC. However,
the secondary hydration of FA can refine the porous
structure of CASC and improve its impermeability. At the
same time, the secondary hydration of FA needs to con-
sume some Ca(OH),. Therefore, when more Ca(OH), is
converted into CaCO; in CASC, it will affect the se-
condary hydration of FA and the refinement of the porous
structure, and slow down the decay rate of Dy.

3.3.4.2 Different cycle systems

Fig.15 shows the D; of CASC in the drying-wetting
cycles, carbonation and drying-wetting cycles. The results
show that when cycled for 4th, 8th, 12th and 14th times,
the Dy of C50PT increases by 41.0%, 64.2%, 18.9% and
1.5%, respectively, compared with that of C50PG, and the
D¢ of C65PT increases by 31.7%, 19.1%, 33.2% and
19.3%, respectively, compared with that of C65PG,
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Fig.15 D¢ of CASC in the drying-wetting cycles, carbon
ation and drying-wetting cycles.
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indicating that carbonation can significantly increase the
Dy of CASC.

4 Conclusions

The Cr and C; of CASC decrease gradually as chloride
diffuses is deeper. When the depth reaches 12.5mm, the
relative growth rate of Cr remains stable at 4.0%—10.4%,
and there is a linear relationship between C; and C,. Dry-
ing-wetting cycles can accelerate the chloride diffusion of
CASC and has little effect on the concrete surface, but it
significantly influences the chloride concentration as the
depth increases. Carbonation accelerates the increase of
C, which is against CASC to resist chloride diffusion.

The C; of CASC increases exponentially with the ex-
tension of 7. The growth rate of C; of CASC is lower than
that of OAC. The Dy of CASC decreases power exponen-
tially with the extension of ¢£. The C;, D of CASC de-
creases gradually with the increase of concrete strength.

The Cs, Ds and m of CASC in the drying-wetting cycles
are obviously higher than that in seawater immersion. The
D¢ and m of CASC of carbonation and drying-wetting
cycles are higher than that in the drying-wetting cycles. It
indicates that carbonation and drying-wetting cycles ac-
celerates the chloride diffusion rate but decreases the
maximum of chloride concentration. Carbonation in-
creases the Dy and m of CASC.

For the ocean engineering, the corrosion degree of
CASC structures in different exposed areas is splash zone
(carbonation and drying-wetting cycles)>tidal zone (dry-
ing-wetting cycles) >underwater zone (seawater immer-
sion). In addition, the chloride diffusion rate of C65-
CASC is 17.8%—63.4% higher than that of C65-OAC in
seawater immersion (underwater zone). Therefore, anti-
corrosion measures should be adopted to improve the
service life of CASC structure in the oceanic environ-
ment.
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