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Concrete structures in marine environments are gravely jeopardized by chloride attack caused by capil-
lary suction. To investigate the erosion of concrete induced by capillary suction under various factors,
seawater and NaCl-Na2SO4 solution were used as corrosive solution to obtain the evolution law of water
absorbed amount and chloride content in concrete with different water to binder ratio, fly ash and slag
dosages and internal relative humidity. The results show that the decrease of internal relative humidity
leads to the increase of seawater absorbed by capillary suction in a brief period, and boost rapid growth of
chloride content in surface of concrete. For early age (28 d) concrete specimens, when the fly ash dosage
is 0–30% or the slag dosage is 0–50%, the water absorption rate and chloride content of concrete are more
likely to drop with the dosage increasing. Furthermore, under short-time capillary suction condition,
SO4

2� has a minor impact on water absorption of concrete, while slightly increases the chloride content.
However, the chloride content does not evolve coincidently with the change of SO4

2� concentration.
Moreover, within a brief exposure period, the chloride content linearly develops with absorbed sweater
amount, and it is inappropriate to use chloride diffusion coefficient to reflect the chloride transport rate of
concrete under capillary absorption effect.

� 2019 Published by Elsevier Ltd.
1. Introduction

There is a huge amount of corrosive ions in seawater, such as
chloride ions and sulfate ions. When concrete structures are
exposed to marine environments, those corrosive ions will heavily
devastate their durability and safety [1–4]. For instance, if chlo-
rides penetrate to steel surface and exceed a certain concentration,
they will initiate steel corrosion accompanied by water and oxygen
[5,6]. And with increasing of chloride concentration, the steel cor-
rosion will be accelerated, which can lead to concrete crack and
shorten the service life of concrete structures [7,8].

When concrete is in marine submersion zone, chlorides enter
the matrix mainly through diffusion. Instead, while in splash or
tidal zone, concrete is usually unsaturated, and chlorides transport
into concrete first through capillary suction and then penetrate
deeper position through diffusion. Different from diffusion, capil-
lary suction can directly absorb seawater into concrete, raise sur-
face chloride content rapidly and hence increases the probability
of steel corrosion [9–11]. Therefore, it is of great significance to
investigate the water absorption of unsaturated concrete and the
corresponding chloride distribution resulted, which can provide
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solid foundation for the durability design and service life evalua-
tion of concrete structures under marine environments.

Among the present studies about capillary suction, many are
concerned with the influence of varied factors on water absorption
of concrete. It is well-known that the water absorption is highly
dependent on pore structure and water content of concrete [12–
14]. And the essential of different factors affecting that is to change
the pore structure and moisture distribution. Therefore, studies
about factors influencing water absorption can generally be
divided into two categories: one focuses on pore structure, and
the other focus on moisture content.

For studies on factors that can vary pore structure of concrete,
the experimental results of Liu [15] showed that the water absorp-
tion rate (WAR) of concrete decreased with water to binder ratio
(W/B) and dosage of fly ash (FA) or silica fume (SF), and the reduc-
tion of WAR was doubled when the FA and SF are mixed together
in concrete. The effect of W/B was also investigated by Safiuddin
[16], and test results revealed that the water absorption decreased
with lower W/B ratio. According to test results of Leung [17], a
remarkable reduction in WAR was found when cement was par-
tially replaced by only FA. And same as the results of Liu, the effect
of combined use of FA and SF on decreasing WAR was much more
significant than using FA only. Meanwhile, increasing the dosage of
FA or SF leaded to an enhanced reduction of WAR. Walid [18]
observed lower WAR for blast furnace slag (SL) substitution when
its dosages are less than 40%. And Liu [19] reported that WAR of
concrete decreased with the increasing of SL content when its
dosage was less than 50%. Moreover, Razak [20] and Guneyisi
[21] investigated the WAR of concrete blended with metakaolin
(MK) and SF, and the results showed that the presence of MK
and SF significantly reduced WAR of concrete. It can be concluded
that, the water absorption of concrete decreases with the mixing of
mineral admixtures and the decline of W/B, and the decrease rate
heavily depends on the amount of dosage.

As to studies about the effect of moisture content on water
absorption of concrete, in the study of Parrlott [22], concrete spec-
imens were dried and conditioned at 50 �C oven to obtain a uni-
form moisture distribution prior to testing for WAR of concrete.
And the test results for a range of concretes showed that WAR
was very sensitive to the internal relative humidity (IRH) of matrix.
Mohammadi [23] also discovered that water absorption is strongly
affected by IRH, and his results showed that water absorption
increased significantly with the decreasing of IRH. Furthermore,
Li [24] found a close relationship between water absorption and
saturation degree of concrete. And Yang [25,26] investigated the
influence of different saturation degree on water absorption of
concrete, and found that the WAR decreased with saturation
degree increasing. Consisting with the above finding, the studies
of Zhang [27] and Chang [28] also found that saturation degree
was closely related to water absorption of concrete, the lower
the saturation degree, the greater the WAR, and thus more solution
could be absorbed during water absorbing process. Besides, Kato
[29] examined the influence of the initial saturation degree on
the permeability of sodium chloride solution into mortar speci-
mens, and revealed that the permeability distance of the solution
increased with the decreasing of the initial saturation degree.

Most of the previous studies use either water or salt solution
rather than seawater as soak solution to explore the influence of
different factors on the water absorption of concrete. The constitu-
tion of seawater is very complicated, containing many kinds of cor-
rosive ions. And the density of seawater also differs from water or
salt solution. The adoption of seawater can better reveal the water
absorption of concrete in actual marine environments and need
more related studies. Besides, sulfate ion is also another main cor-
rosive ion in seawater, and whether sulfate ion content have an
effect on water absorption and chloride distribution in concrete
under capillary suction condition within a short-time is still unde-
fined, which also needs further investigation.

Considering the wide use of mineral admixtures in marine engi-
neering and the shifting humidity in marine environments, this
study plans to build different internal humidity spaces in concrete,
test water absorbed amount and chloride content of concrete
mixed with different dosages of FA and SL using seawater and
NaCl-Na2SO4 solution as soak solution, and explore influence of
these factors on water absorption and chloride penetration from
perspectives of pore structure, water content and ions.
2. Experiment programs

2.1. Raw materials and sample preparation

The P.O 42.5 Portland cement produced by Shandong Shanshui
Co., Ltd. was used in this study. The mineral admixtures are FA and
SL. The FA used is Luqing grade I and the SL is grade S95, whose
fineness meet GB/T 1596-2005 standard. The chemical composi-
tion of cement and mineral admixtures are shown in Table 1. The
coarse aggregate is crude gravel with diameter being 5–20 mm,
and the fine aggregate is good grading river sand with 2.5 fineness
modulus. The water-reducing agent is the polycarboxylate super-
plasticizer produced by Jiangsu Sobute New Materials Co., Ltd.

This study designed concretes with different W/B, different
dosages of gel material, and different dosages of fly ash and slag.
The mix proportions of concrete are presented in Table 2. The W/
B is 0.35 and 0.45, and the gel material dosage is 450 kg/m3,
435 kg/m3, and 352 kg/m3. For concretes with 450 kg/m3 dosage
of gel material, the cement were partially replaced by fly ash and
slag, with the FA replacement ratio being 15%, 30%, and 50% and
the SL replacement ratio being 15%, 30%, 50%, 65% successively.

After concrete was properly mixed and tested the workability,
they were filled in the moulds with size being
100 mm � 100 mm � 100 mm, and the surface of moulds was
sealed with thin film and tape to prevent moisture evaporation.
Concrete specimens were demoulded after 24 h’ hardening and
cured in a room (temperature being 23 ± 2 �C and relative humidity
being above 95%) for 3 d, 7 d, 28 d, and 56 d separately.

2.2. Compressive strength test

The compressive strength of concretes with different mixes
(L50–L53, F51–F54, U1, and U2) and curing time (3 d, 7 d, 28 d,
and 56 d) were tested using a press machine, and the results are
presented in Table 2. It can be observed that compressive stress
increases with the increase of curing time, gel material dosage
and decrease of W/B. When the FA dosage is 15% and 30%, it can
improve the compressive stress of concrete, while when its dosage
is 50%, the compressive stress of concrete decreases significantly at
early curing age. When the SL dosage is 15% and 30%, it can
increase the compressive strength of concrete, while when its
dosage is 50% and 65%, the compressive stress of concrete
decreases at early curing age. However, with the increase of curing
time, the compressive strength of concrete blended with large
dosage of FA and SL develops and approaches or even surpasses
that of concrete without mineral admixtures at 56d.

2.3. Construction of internal humidity space

Different internal humidity spaces of concrete were built in four
ways with specimens being placed in water, constant temperature
and humidity room, 45 �C oven, and saturated LiBr solution in a
closed vessel. More specially, 12 specimens cured for 28 d were
divided into 4 groups and each group has 3 specimens. Those spec-



Table 1
Chemical composition of P.O 42.5 Cement, FA and SL (%wt).

Chemical composition SiO2 Al2O3 Fe2O3 CaO MgO TiO2 Na2O K2O SO3

Cement (%) 20.1 5.09 2.93 61.7 1.58 0.340 0.700 0.360 1.99
FA 45.4 36.3 5.30 6.97 0.599 1.65 0.314 0.864 1.24
SL 29.0 12.5 1.30 46.3 5.72 0.570 0.560 0.320 1.18

Table 2
Concrete mixes (kg/m3).

NO. W/B Cement SL FA Sand Gravel Water Superplasticizer Compressive strength/MPa Workability/mm

3d 7d 28d 56d

L50 0.35 450 0 0 711 1067 155 5.4 32.9 39.5 48.2 53.0 185
L51 0.35 382.5 0 67.5 711 1067 155 5.4 47.1 53.4 63.3 72.0 240
L52 0.35 315 0 135 711 1067 155 5.4 37.7 41.9 52.9 58.2 240
L53 0.35 225 0 225 711 1067 155 5.4 1.80 2.05 25.6 32.9 185
F51 0.35 382.5 67.5 0 711 1067 155 5.4 35.1 40.7 56.3 58.1 240
F52 0.35 315 135 0 711 1067 155 5.4 34.7 36.1 57.7 58.5 210
F53 0.35 225 225 0 711 1067 155 5.4 26.8 35.6 53.8 55.1 230
F54 0.35 157.5 292.5 0 711 1067 155 5.4 23.9 26.4 44.1 47.8 240
U1 0.45 352 0 0 653 1214 158 3.5 28.5 31.3 38.9 43.4 230
U2 0.35 435 0 0 565 1143 156 4.3 29.4 35.4 41.8 46.9 210
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imens were cut in half along the middle line (shown in Fig. 1). Note
that the cutting surface is the exposed surface, and the other five
surfaces were sealed with epoxy resin before the following treat-
ments. The epoxy resin was completely hardened after curing for
2 days, and then all the samples were fully saturated in a vacuum
water tank, and dried in a 45 �C oven. 3 groups of these specimens
were taken out from the oven after completely dried and then were
placed in water, constant humidity and temperature room, and
saturated LiBr solution environment mentioned above. The IRH
of these specimens were monitored in real time through the pre-
built humidity sensor (10 mm from the exposed surface). Mean-
while, the other group was always placed in a 45 �C oven and mon-
itored the IRH at the same depth as that of the other specimens.
When the IRH of specimens under four conditions reached 100%
(water immersion), 65% (constant temperature and humidity
room), 55% (45 �C oven), and 31% (saturated LiBr solution in a
closed vessel) separately, specimens were taken out and conducted
the water absorption test.
2.4. Water absorption test

Specimens after internal humidity building were put on the
brackets placed in the bottom of a plastic box, with the exposed
surface downward. Next, seawater (obtained from Qingdao marine
exposure station and its composition is presented in Table 3) or
NaCl-Na2SO4 solution was poured into the box until the liquid level
is 3–5 mm above the bottom of specimens, shown in Fig. 2. The
mass of specimens was tested at absorption time 0 h, 1 h, 2 h,
3 h, 4 h, 5 h, 6 h, 7 h, 8 h, 9 h, 10 h, 11 h, and 12 h successively,
Cutting position  

Fig. 1. Illustration of cutting position an
and the evolution law of absorbed seawater amount induced by
capillary suction was thus obtained. Moreover, the capillary
absorption coefficient can be gained through Eq. (1).

Note that seawater was used as aggressive solution in this study
to investigate the influence of different factors on water absorption
and chloride distribution, aiming to reflect the field situation of
concrete structures in marine environments. Meanwhile, based
on chloride concentration in the seawater, a range of NaCl-
Na2SO4 corrosive solution were also prepared to explore the influ-
ence of SO4

2� concentration on water absorption and chloride pen-
etration. The NaCl content in NaCl-Na2SO4 solution was constantly
3.5%, and the Na2SO4 content was 0.2%, 0.5%, 1.0%, 1.62%, and 1.75%
successively. Note that, except those specimens designed for
studying the influence of IRH and exposure time, the IRH of all
other specimens was controlled to be 65% and the water absorp-
tion time was 12 h.

DW ¼ A
ffiffi
t

p
ð1Þ

where, DW is the amount of absorbed water per unit area of con-
crete, mg/cm2; A is the capillary absorption coefficient, mg/
(cm2 h1/2); t is the water absorption time, h.

2.5. Chloride content test

After reaching the water absorption time, a milling machine
was used to grind powder from specimens layer by layer starting
from the exposed surface. Powder samples at different depths of
specimens were obtained. Within the depth range 0–10 mm, the
grinding interval is 2 mm, while in the depth range 10–28 mm,
Exposed surfaces 

d exposed surfaces in the specimen.



Table 3
Composites and corrosion properties of seawater in the marine exposure field.

Constituent Ion content
mg/L

pH salinity%

NO3
� HCO3

� SO4
2� Cl� NH4

+ Ca2+ Mg2+

Sea water 12.76 161.29 2176.12 17533.33 <0.04 407.83 1177.38 8.2 3.5

50mm

3-5mm

Fig. 2. Illustration of water absorption test.
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Fig. 4. Capillary absorption coefficients of concretes with different IRH.
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the grinding interval is 3 mm, 5 mm, and 10 mm successively. In
this study, since chloride ions penetrated into concrete driven by
capillary suction in a very short time, it was hard to form bound
chloride or the formed bound chloride was very limited in this pro-
cess. Therefore, only free chloride content was tested. The silver
nitration titration method was employed to test free chloride in
compliance with the ASTM C1152 [30,31].
3. Results and discussion

3.1. Factors influencing water absorption of concrete

3.1.1. IRH
Fig. 3 shows the evolution law of water absorbed amount per

unit area of concrete with different IRH, and Fig. 4 presents the cor-
responding capillary absorption coefficient. It can be seen from
Fig. 3 that the amount of absorbed water increases with square
root of time in a linear trend abiding by Eq. (1). It can also be
observed that the lower the IRH is, the higher the amount of
absorbed water is and so is the capillary absorption coefficient
(see Fig. 4). For unsaturated concrete, the main drive of water
absorption is capillary suction whose strength is highly dependent
on IRH [28,32]. It can be seen from Eq. (2) that the capillary suction
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Fig. 3. The evolution law of water absorbed amount per u
force becomes stronger when IRH get lower, which will boost the
absorbed water content and WAR within the same time.

Dp ¼ �RTqlcosh
M

lnRH ð2Þ

where, Dp is capillary suction force; RH is the relative humidity; M
is the molar mass of liquid; h is the contact angle; R is the ideal gas
constant; ql is the density of liquid; T is the temperature.

Besides, comparing the water absorption curve and coefficients
of U1 and U2, it can be found that the decrease of W/B can lead to
the decline of water absorbed amount and absorption rate. The
reason is obvious that the lower theW/B is, the denser the concrete
matrix is, which makes it harder for seawater to enter the matrix
with other conditions being the same. Moreover, the difference
among the three curves of U2 in Fig. 3(b) is smaller than that of
U1 in Fig. 3(a), which is also caused by the denser matrix of U2.

3.1.2. Mineral admixtures
Fig. 5(a) and (b) show the evolution law of water absorbed

amount per unit area of concrete with and without FA and SL,
and Fig. 6 presents the corresponding capillary absorption coeffi-
cients. From Fig. 5(a), it can be found that water absorbed amount
of specimens with different FA dosages linearly increases with time
abiding by the square root law. When the FA dosage is 15% and
30%, the WAR decreases a bit compared with that of reference
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specimens, and the WAR reduction of 30% FA specimens is only
slightly higher than that of 15% FA specimens. However, when
the FA dosage is 50%, the WAR rises dramatically (see Fig. 6), which
is apparently related to the impact of FA on pore structure of
matrix. The partial replacement of cement by FA compacts pore
structure of concrete due to micro-aggregate filling effect of FA,
while retards the development of pore structure resulted from
the decrease of hydration degree at early age (because the poz-
zolanic effect of FA mainly functions at later stage, which though
can guarantee of sustainable development of concrete strength
(Table 2), decreases the hydration degree of concrete at early age
[33–35]). Therefore, the compactness change of concrete blended
with FA depends on the compromising between its positive and
negative effects. As is shown in Fig. 5(a) and Fig. 6, the decrease
of the WAR of concretes with 15% FA is prominent, while when
the FA dosage increases to 30%, the WAR does not continue to
decrease remarkably. It is obvious that when the FA dosage is
low, its positive effect is stronger, and when its dosage increases,
the negative effect dominates. It should be noted that the water
absorption testing in this study was performed using concrete
specimens at early age (28 d). If the age of concrete is large, like
more than 1 year, the admixture of FA will have limited negative
effect on the pore structure of concrete, and even the use of high
volume FA will be more likely to decrease WAR.

From Fig. 5(b), it can be observed that the water absorbed
amount per unit area of concrete with SL also increases with time
in a square root trend. And combining Fig. 6, it can be found that
except for concretes with 65% SL, the higher the SL dosage is, the
lower the WAR of concrete. Similar to the effect of FA on concrete,
SL also has both positive and negative impacts. However,
researches [36–38] have revealed that when the dosage of SL is
low, the heat release rate of cement-slag composite binder at early
age approximates that of neat cement, while only when the SL
dosage is high, the heat release rate of composite binder is signif-
icantly lower than that of neat cement, and this has been widely
recognized. Therefore, the influence of SL on the decrease of hydra-
tion degree is much smaller than that of FA at the early age, which
explains why only when the SL dosage reaches 65%, the WAR starts
to grow but still is lower than that of concretes without SL.

In this study, seawater was used as aggressive solution to inves-
tigate the influence of FA or SL on the water absorption property of
concrete, aiming to reveal the field situation of concrete structures
in marine environments. Based on the results above, it can be
inferred that no matter FA or SL, their dosage should not be too
much in practice and should be preferably controlled within 30%
and 50% respectively, especially for the concrete that has been in
service since the early age. Otherwise, when concretes with FA or
SL are exposed to marine environments, the durability and safety
of concrete structures will be heavily jeopardized as more corro-
sive ions are introduced along with a large amount of seawater
absorbed by capillary suction.

3.1.3. SO4
2� concentration

Fig. 7 shows the evolution law of water absorbed amount per
unit area of concrete exposed to NaCl-Na2SO4 solution with differ-
ent SO4

2� concentration, and Fig. 8 presents the corresponding cap-
illary absorption coefficients. It is obvious that the water absorbed
amount increases with time in a square-root trend. Meanwhile,
combining Figs. 7 and 8, it can be found that, except that the water
absorbed amount of specimens exposed to 0.5% Na2SO4 solution is
lower than that of 0% Na2SO4 solution, the water adsorbed amount
of all other specimens exposed to Na2SO4 solution is higher. There-
fore, the mixing of Na2SO4 generally increases water adsorbed
amount. However, the water absorbed amount dose not evolve
accordingly with SO4

2� concentration increasing. Moreover, the
water absorbed amount of specimens in solution with different
SO4

2� concentration differs slightly within the same exposure time,
suggesting that SO4

2� probably has a minor influence on water
absorption driven by capillary suction in a short time. According
to Eqs. (2) and (3), the capillary suction force mainly depends on
the radius of capillary pores and internal humidity of concrete.
Thus, the capillary adsorption force generated is theoretically the
same for the test specimens with the same pore structure and
internal humidity. And the weight of NaCl-Na2SO4 solution
absorbed within the same time should be the same under the iden-
tical short-time capillary suction condition, even if the density of
NaCl-Na2SO4 solution increases with the rising of Na2SO4 content.

Dp ¼ 2ccosh
r

ð3Þ
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where, r is the radius of capillary pore, c is the gas-liquid interfacial
tension.
3.2. Factors influencing chloride distribution of concrete

3.2.1. IRH
Fig. 9 presents the chloride profiles of specimens U1 with differ-

ent IRH. It can be observed that chloride content all decreases with
the distance from the exposed surface increasing. For the saturated
specimens (IRH = 100%), their chloride profiles are flat, and it can
be ascribed to that diffusion is the major drive for chlorides to
enter concrete from seawater in the absorption experiment. Conse-
quently, no matter the exposure time is 1 h (Fig. 9(a) or 12 h (Fig. 9
(b)), chlorides that penetrated into matrix are very limited. For
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Fig. 9. The chloride distribution of specimens U1 with different IRH
unsaturated specimens, the slope of chloride profiles are compara-
tively steep. The chloride content within 0–4 mm (1 h) and 0–
8 mm (12 h) is very high, and then reaches a constant value at
depths greater than 15 mm. The above phenomenon is apparently
caused by capillary suction which introduces seawater into matrix
in a brief period, leading to the high chloride content at places from
surface to where water front reaches and very low chloride content
beyond that range. It can also be found from Fig. 9 that, the lower
the IRH of concrete is, the higher the chloride content at the same
depth, which is especially tenable near the surface. From the above,
it can be inferred that the amount of seawater absorbed by capil-
lary suction increases with the IRH of concrete decreasing, con-
tributing to the promotion of chloride content. Besides,
comparing Fig. 9(a) and (b), it can be found that the chloride con-
tent of specimens with the same IRH is higher after longer
exposure.

Fig. 10 shows the chloride distribution of specimens U2 with
different IRH. It can be observed that the evolution law of chloride
content of U2 is similar to that of U1, and the chloride content of
U2 is lower than that of U1 with the same absorption time, IRH,
and depth since the W/B of U2 is lower. Besides, according to chlo-
ride profiles in Figs. 9 and 10, the chloride front reaches at least
6 mm from the exposed surface after absorption for 1 h, and the
chloride front reaches at least 10 mm after 12 h. Moreover, the
lower the IRH is, the greater the chloride attack span is.

Note that in the field situation, instead of uniformly distributed,
the internal humidity of concrete is the function of depth, which is
the difference between this study and field situation. This study
presents the worst result, and these data are obtained using seawa-
ter, which have an important reference value for the durability
evaluation of concrete structures in field.
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Fig. 10. The chloride distribution of specimens U2 with different IRH: (a) water absorption time 1 h (b) water absorption time 12 h.
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3.2.2. Mineral admixtures
Fig. 11(a) and (b) present chloride profiles of concrete with dif-

ferent dosages of FA and SL. It can be seen that chloride content all
decreases with depth from the exposed surface increasing, and the
chloride content within 0–6 mm is high while decreases rapidly in
deeper position. It can be found in Fig. 11(a) that, when the FA
dosage is 15% and 30%, the corresponding chloride content drops
significantly compared with that of specimens without FA. And
when the dosage is 50%, the chloride content increases promi-
nently and remains high throughout the whole test range. From
Fig. 11(b), it can be observed that all different dosages of SL can
lead to the drop of chloride content, and the higher the SL dosage,
the more significant the decrease, excluding 65%. The impact of FA
and SL on chloride distribution in concrete depends on their com-
prehensive effect on pore structure. It is known from the above
that pore structure change contributes to the amount variation of
absorbed seawater, which decides chloride distribution.

Moreover, as shown in Fig. 11, chlorides can easily penetrate
into 0–10 mm from the exposed surface of specimens without
mineral admixtures, which gravely jeopardizes the safety of con-
crete structures. However, with appreciate amount of mineral
admixtures, the chloride attack range can be shortened to 0–
6 mm, which is of great importance for the improvement of the
durability of concrete structures. It is vital, though, the dosage of
FA or SL should be controlled within a reasonable range; otherwise,
it will be counterproductive.
3.2.3. SO4
2� concentration

The chloride distribution of specimens U1 and U2 subjected to
NaCl-Na2SO4 solution with different SO4

2� concentration is shown
in Fig. 13. It can be observed that chloride content generally
decreases with distance from the exposed surface increasing. From
Fig. 12(a), it can be seen that the mixing of SO4

2� generally boosts
the chloride content at corresponding depths compared with pure
NaCl solution. However, the chloride content dose not evolve
accordingly with SO4

2� concentration increasing. For instance, the
chloride content of concrete exposed to 0.5% SO4

2� concentration
is higher than that of 0.2% SO4

2� concentration; but when the
SO4

2� concentration reaches 1.0%, the chloride content declines;
while SO4

2� concentration reaches 1.62%, chloride content increases
again. Moreover, it can be seen from Fig. 12(b) that the chloride
distribution of U2 is similar to that of U1. The chloride content of
specimens exposed to solution mixed with SO4

2� are generally a lit-
tle higher than that exposed to pure NaCl solution, but still there is
not a regular change law between chloride content and SO4

2� con-
centration. In addition, since the W/B of U2 is smaller than that of
U1, chloride content of the former are all lower than that of the lat-
ter with the same condition.
Some studies [39–41] have reported that that the presence of
SO4

2� can accelerate chloride attack, and in these studies, the
migration of ions is dominantly driven by prolonged diffusion.
Under such condition, both the chemical reactions with hydrates
and the charge interaction between ions play an important role
on aggravating chloride erosion. However, the migration of ions
in this study is driven by capillary suction in a very short period,
which leads to limited effect of the above chemical reactions and
charge interaction. Furthermore, according to the experimental
results and analysis of Section 3.1.3, the difference in weight of
serial NaCl-Na2SO4 solution absorbed by specimens is quite small.
Thus the volume of the solution entering the matrix decreases as
the Na2SO4 content increases, because the density of NaCl-
Na2SO4 solution increases with Na2SO4 content rising. Therefore,
for specimens with the same pore structure, the solution with lar-
ger Na2SO4 content will be relatively concentrated in shallower
position of matrix, while the solution with smaller Na2SO4 content
will be relatively more dispersed along the vertical depth. And
thereby, the mixing of Na2SO4 in NaCl solution causes a slight
increase of chloride content in surface layer of concrete, which is
basically consistent with the experimental results of U1 and U2.
Besides, the influence of SO4

2� concentration on chloride transport
induced by capillary suction is complicated and the reason for that
is still unclear, which needs more investigations.
3.3. Relation between water absorption and chloride penetration

Under short-time capillary suction condition, chloride content
of concrete is definitely dependent on the seawater amount
absorbed into matrix. In this part, the quantitative relation
between them is established through linking the water absorbed
amount of concrete after exposure for 12 h to the chloride content
within the test range calculated through Eq. (4) based on chloride
profiles, shown in Fig. 13. It can be observed that the chloride con-
tent increases with seawater absorbed amount, presenting a good
linear correlation with the slope being 1.44 � 10�4.

C0 xt ¼
X xb � xa

xt
� Cxa xb ð4Þ

where, C0 xt is the chloride content per unit mass of concrete within
the whole test range; Cxa xb is the chloride content in depth xa–xb of
chloride profiles; xt is the total test depth, 28 mm; xa, xb is the test-
ing depth, 0, 2, 4, 6, 8, 10, 13, 18 mm of xa, and 2, 4, 6, 8, 10, 13, 18,
28 mm of xb.

In this study, chloride ions in concrete are mainly introduced by
capillary suction. As a result, it is not accurate in theory to obtain
the chloride diffusion coefficient through fitting the error function
(Eq. (5)) of Fick’s second law with chloride profiles. Therefore, it is
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Fig. 11. The chloride distribution of concretes with different dosages of FA and SL: (a) FA (b) SL.
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0 150 300 450 600 750
0.00

0.02

0.04

0.06

0.08

0.10

0.12

C
hl

or
id

e 
co

nt
en

t/%
 c

on
cr

et
e  Data

 Linear fit

Amount of absorbed seawater/mg/cm2

Equation y = a + b*x
Adj. R-Square 0.96414

Value Standard Error
D Intercept 0.00363 0.00154
D Slope 1.44226E-4 7.42362E-6

y=0.00363+1.44*10-4x
R2=0.964

Fig. 13. Quantitative relation between seawater absorbed amount and chloride
content.

0 10 20 30 40 50 60
0

100

200

300

400

500

0 50 100 150 200 250
0

100

200

300

400

500

C
hl

or
id

e 
di

ffu
si

on
 c

oe
ffi

ci
en

t/m
m

2 /a

Capillary absorption coefficient/mg/(cm2 h1/2)

Fig. 14. Quantitative relation between capillary absorption coefficients and chlo-
ride diffusion coefficients.

8 C. Honglei et al. / Construction and Building Materials 236 (2020) 117581
still pending about whether it is feasible to evaluate the chloride
transport rate using diffusion coefficient in this study. Actually,
the chloride transport rate in this situation is closely related to
the WAR of concrete. And thereby, this part tries to analyze the
relation between capillary absorption coefficient and chloride dif-
fusion coefficient in order to evaluate the feasibility and accuracy
of using diffusion coefficient to reflect chloride transport rate.
The correlation between them of corresponding specimens and
conditions is presented in Fig. 14. The inset image on the top left
of Fig. 14 shows the distribution of all data points, and the point
indicated by the red arrow obviously violates the overall evolution
of data points. That point corresponds to the specimen with 50%
FA, and the real situation for this specimen is that its WAR is the
biggest and its chloride content is highest, which is contradicted
with the chloride diffusion coefficient obtained by Eq. (5). As
shown in Fig. 11(a), the chloride content of 50%FA specimens is
very large within the whole test depth. However, the difference
between the surface chloride content and chloride content at depth
28 mm is not very large, which results in a smaller diffusion coef-
ficient. Therefore, for this group of specimens, it is inappropriate to
simply use diffusion coefficient to reflect chloride transport rate
under capillary adsorption condition. Zooming in the x-
coordinate by 0–60, the evolution of other data is more distinct.
It can be found that, though the chloride diffusion coefficient gen-
erally increases with capillary absorption coefficient, their local
correspondence is chaotic and not qualified for representing their
quantitative relation. Therefore, under short-time capillary suction
condition, chloride diffusion coefficient cannot properly reflect the
chloride transport rate in concrete.
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Cðx;tÞ ¼ C0 þ ðCs � C0Þ 1� erf
x

2
ffiffiffiffiffiffi
Dt

p
� �� �

ð5Þ

where, C(x,t) is the chloride content at depth of x and time of t; Cs is
the surface chloride content; C0 is the initial chloride content; D is
the chloride diffusion coefficient obtained using tradition method;
x is the distance from the exposed surface; t is exposure time.

4. Conclusions

1) The decrease of IRH leads to the increase of absorbed seawa-
ter amount under short-time capillary suction condition,
which results in rapid increase of chloride content in surface
of concrete.

2) For early age (28d) concrete specimens, when the FA dosage
is 0–30% or the SL dosage is 0–50%, both the WAR and chlo-
ride content of concrete are more likely to drop with the
dosage increasing. While when their dosage further
increases beyond that range, WAR and chloride content
may start to grow and surpass that of specimens without
mineral admixtures.

3) Under short-time capillary suction condition, SO4
2� has a

minor impact on WAR of concrete, while slightly increases
the chloride content. However, the chloride content does
not evolve coincidently with the change of SO4

2�

concentration.
4) Within the same exposure time, the chloride content lin-

early develops with the amount of absorbed seawater, and
it is inappropriate to use chloride diffusion coefficient to rep-
resent the chloride transport rate of concrete under short-
time capillary suction condition.
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