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Understanding the performance of concrete in the marine environment is significant for preventing the corrosion of chloride ion
for marine buildings. In this study, the uniaxial compressive strength (UCS), chloride ion concentration (CIC), microstructure,
and pore structure of admixture concretes were tested to study the mechanical properties and microscopic characteristics under
the single marine corrosion, the single freezing-thawing, and the coupled marine corrosion and freezing-thawing conditions. The
results indicate that the concrete mixed with both fly ash and mineral powder has better UCS, chloride ion penetration resistance,
and freezing-thawing resistance than the concrete with the single fly ash or mineral powder. Under the marine corrosion
environment and coupled corrosion and freezing-thawing environment, the UCS of the concrete with both fly ash and mineral
powder increases firstly and then decreases with the increase of the corrosion time. This is because the pore of the filling body is
filled by large crystalline salts generated by the reaction of chloride ions and concrete; then, cementation of the cement is increased
in the early corrosion; meanwhile, the increase of crystal salt in the subsequent corrosion process leads to the growth of
microcracks and the formation of macrocracks in concrete specimens. In addition, a freezing-thawing-corrosion composite
strength impact factor is introduced to describe the effect of coupled corrosion and freezing-thawing on the mechanical property
of the concrete. The results show that the corrosion is the dominant factor after 0, 30, and 60 freezing-thawing cycles, while the

freezing-thawing is the dominant factor after 90 freezing-thawing cycles.

1. Introduction

At present, concrete is the most widely used building ma-
terial due to its low price, simple production process, high
compressive strength, and durability [1-3]. In addition to
various construction projects, concrete is also applied in the
ship industry, machinery industry, marine development,
and geothermal engineering [4, 5]. With the development of
modern engineering and the increasing complexity of en-
gineering structure, ordinary concrete cannot fully meet the
needs of modern architecture [6-12]. For example, the
durability of concrete structures in sea beaches is always
affected by multiple environmental factors (e.g., humidity,
freezing-thawing, and chloride ion corrosion) [13], while
concrete structures in deep underground engineering may
be affected by complex in situ stress and sulfate corrosion
[14], and concrete structures in the cold areas (e.g., northeast

and northwest China) suffer from freezing-thawing condi-
tion [15]. In general, chloride ion corrosion and freezing-
thawing environment are the most common and important
factors in these hazard environments.

A report [16] has pointed out that China annually loses 180
billion to 360 billion yuan (USD 26 billion-USD 52 billion) in
civil engineering due to marine corrosion, most of which are
caused by chloride ion corrosion [17]. In recent years, research
on corrosion resistance of concrete has been highlighted.
Different methods have been proposed to improve the dura-
bility of concrete in the marine corrosion environment, such as
changing the water-binder ratio [18] and the water-cement
ratio [19], trying different types of cement [20], and adding
admixture (e.g., fly ash and mineral powder) [21]. Besides, the
transportation mechanism of chloride ion in concrete [22] and
life cycle of concrete in marine corrosion environment have
also been widely investigated [23].
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Freezing-thawing damage is also an important factor
affecting the durability of concrete as well [24, 25]. Research
has shown that more than 50% of large concrete structures
are damaged in varying degrees by the freezing-thawing
environments, especially in northeast China [26]. For ex-
ample, the damaged surface area of the dam of Yunfeng
Hydropower Station in northeast China reaches 10,000 m*
during 10 years after its completion due to freezing and
thawing. Experiments on concretes have shown that the
strength of concrete decreases with the increase of freezing-
thawing cycles [27, 28]. Therefore, the methods of concrete
resistance to freezing-thawing have been studied by scholars,
and the results indicated that adding fly ash and mineral
powder in concrete can resist the freezing-thawing envi-
ronment [29, 30].

Concrete structures at the ports in north China are
usually under the coupled effect of marine corrosion and
freezing-thawing. However, the damage mechanism of ad-
mixture concrete under the coupled marine corrosion and
freezing-thawing environment has not been comprehen-
sively explored. In this paper, based on the climate and
seawater conditions of the Lianyungang sea (one of the
largest ice-free ports in northern China), the macroscopic
mechanical properties and microstructures of admixture
concrete are systematically explored under three conditions,
namely, the single marine corrosion, the single freezing-
thawing, and the coupled marine corrosion and freezing-
thawing environment.

2. Materials

Portland cement (42.5) employed in this experiment is a
commercially available product from China United Cement
Co., China. Fly ash and mineral powder are supplied by
China United Zhuben Concrete Jiangsu CO., China. The
coarse aggregate is made of 5-20 mm stones and the fine
aggregate is medium river sand.

In this study, admixture concrete samples with different
water-binder ratios, fly ash (F) contents, and mineral powder
(G) contents are prepared as 100 mm x 100 mm x 100 mm
for uniaxial compression test and 100 mm x 100 mm
x300mm for relative dynamic elastic modulus test, as
shown in Table 1. It can be seen that the concrete formu-
lation includes the following:

(1) The concrete without any admixture (C3-0)

(2) The concrete with 20%-50% fly ash (C3-1, C3-2,
C3-3)

(3) The concrete with 50% mineral powder (C3-5)

(4) The concrete with both 15% fly ash and 35% mineral
powder (C3-7)

3. Experimental Methods and Scheme

3.1. Mechanical Tests. YAS-5000 electrohydraulic servo
pressure testing machine (Figure 1(a)) is used to conduct
uniaxial compressive tests on admixture concrete. In this
experiment, the loading rate is 0.5 MPa/s, and the axial load
and displacement are recorded during the loading process.
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Relative dynamic elastic modulus is an important
characteristic index of concrete under the freezing-thawing
condition. TD-WI18 dynamic elastic modulus tester
(Figure 1(b)) is employed to measure the resonance fre-
quency of concrete specimen, and the UCS of concrete can
be calculated by resonance frequency. The relative dynamic
elastic modulus of concrete under different freezing-thawing
stages is calculated by the following equation:

2
P= S x 100%, (1)

2

n0
where P is the relative dynamic elastic modulus of concrete
under N freezing-thawing cycles and f,, and f,; are
transverse fundamental frequencies of concrete before and
after N freezing-thawing cycles, respectively.

3.2. Microstructure and Pore Structure Tests. Cubic samples
are made with a size of 10 mm x 10 mm x 10 mm from the
damaged concrete samples. The Inspect S50 scanning electron
microscopy (SEM) is employed to test the microstructure of
cubic samples. Before observing the microscopic morphology,
the samples are immersed in ethanol and treated with ul-
trasonic waves and spray-gold. The PoreMaster 60 automatic
mercury porosimeter is used to perform the pore structure
tests. Before the test, the samples are firstly soaked in alcohol to
prevent hydration, and then the samples are dried in the oven.

3.3. Marine Environmental Corrosion. Based on the average
temperature of the Lianyungang sea area (287.9K) and the
laboratory (304.25K) [31], the acceleration coefficient of
temperature to concrete deterioration T; is determined as
14.27 according to the calculated method of Arrhenius [32].

The mass fraction of sodium chloride (NaCl) is 1.75%—
2.8% in the Lianyungang seawater, while the one used in the
experiment is 8.33%. Then the acceleration coefficient of
chloride ion concentration to corrosion degradation S is
5.0, and the acceleration corrosion coefficient in a laboratory
test is calculated as 71.35 by T; X S,;.

The marine corrosion environments are conducted by
the artificial climate simulation laboratory, and the relative
humidity in the experiments is set to approximately 80%,
which is consistent with that in Lianyungang sea area. The
chloride ion concentrations of the samples are measured by
the natural diffusion method after corrosion.

3.4. Freezing-Thawing Test. Freezing-Thawing tests are
performed on admixture concrete samples by KDS-60 rapid
freeze-thaw test machine. In one freezing-thawing cycle, the
freezing time and temperature are set as 2 hours and 256 K,
respectively, while the thawing time and temperature are set
as 1 hour and 281 K, respectively.

3.5. Experimental Scheme. The experimental scheme is
shown in Table 2. Firstly, the performance of concrete in the
marine environment is explored under the above experi-
mental settings. The corrosion times in the laboratory are 30,
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TaBLE 1: The content of different admixture concrete samples.
Mineral admixtures Mix proportion of concrete . .
. Water-binder ratio  Water (kg)
Category Content Cement (kg) Fly ash (kg) Mineral powder (kg) Sand (kg)
C3-0 — — 453 — — 1852 0.32 145
C3-1 F 20% 362 91 — 1852 0.32 145
C3-2 F 35% 294 159 — 1852 0.32 145
C3-3 F 50% 226 226 — 1852 0.32 145
C3-5 G 50% 226 — 226 1852 0.32 145
C3-7 F+G (15+35)% 226 68 158 1852 0.32 145

(a)

(b)

FIGURE 1: (a) YAS-5000 electrohydraulic servo pressure testing machine and (b) TD-W18 dynamic elastic modulus tester.

TaBLE 2: The experimental scheme.

Environments

Freezing-thawing cycles

Corrosion time/day

Marine corrosion
Freezing-thawing

Coupled corrosion and freezing-thawing

— 30, 110, 190, and 270
30, 60, and 90 —

30 30, 110, 190, and 270
60 30, 110, 190, and 270
90 30, 110, 190, and 270

110, 190, and 270 days corresponding to 6, 21, 37, and 52
years of those in the Lianyungang sea area, respectively. In
addition, 30, 60, and 90 freezing-thawing cycles are con-
ducted for all 6 types of concrete, corresponding to 360/10
years, 720/20 years, and 1080/30 years of freezing-thawing
cycles/time in Lianyungang sea, respectively [33]. Besides,
the influence of coupled marine corrosion and freezing-
thawing environment on the mechanical properties of ad-
mixture concrete is investigated. In this case, admixture
concrete samples are firstly subjected to 30, 60, and 90
freezing-thawing cycles and then to the corrosion for 30
days, 110 days, 190 days, and 270 days, respectively.

4. Results and Discussion

4.1. Marine Corrosion. Figure 2 shows the variation of
chloride ion concentration (CIC) with the depth of sample
and corrosion time. It can be seen that the CIC drops sharply

from the surface to the interior of samples (Figures 2(a)-
2(f)), while CIC increases approximately linearly with the
corrosion time (Figures 2(g)-2(h)). As for the fly ash
concrete (FAC), CIC of C3-1 is the lowest, while the chloride
resistance of concrete with other fly ash amounts is slightly
improved. Therefore, the concrete with the 20% fly ash has
the optimal resistance to chloride ion. Compared with FAC,
the CIC of mineral powder concrete is lower, but its in-
creasing rate is greater, resulting in high CIC in mineral
powder concrete after 190 days of corrosion. It indicates that
adding fly ash into concrete has a better long-term resistance
to chloride ions than adding mineral powder. Besides, the
concrete with both fly ash and mineral powder (C3-7) has
the lowest CIC during the entire corrosion process, and its
CIC is close to 0 when the sample depth is 15 mm.

Figure 3 shows the variation of UCS and elasticity modulus
E with fly ash amount and admixture type of the concrete free
from corrosion and freezing-thawing environments. For FAC,
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FIGURE 2: Variation of chloride ion concentration with depth (a-f) and corrosion time (g, h) under the single corrosion environment.

UCS firstly increases and then decreases with the increase of fly
ash content. The UCS of C3-1 (fly ash content: 20%) is slightly
greater than that of C3-0 (ordinary concrete), while o, of C3-2
(fly ash content: 35%) and C3-3 (fly ash content: 50%) is lower
than that of C3-0. Compared to the ordinary concrete, only the
strength of the C3-7 (the content of fly ash and mineral powder:
15% and 35%) is enhanced, and that of concrete with 50% of
admixtures is decreased. In addition, the effect of admixtures
on elasticity is similar to that on UCS. Furthermore, it can be
concluded that the concrete with both fly ash and mineral
powder has optimal performance on both chloride resistance

and compressive strength, which is the excellent admixture
scheme for marine concrete. Consequently, the UCS and E of
C3-7 after different corrosion time are tested. As shown in
Figure 4, the results suggest that both UCS and E increase
linearly before 190 days of corrosion, while they decrease re-
markably after 290 days of corrosion.

Figure 5(a) shows the pore size distribution of concrete
with composite admixture in the erosion environment. The
pore size is divided into four regions: 0-30 nm (I), 30-150 nm
(II), 150-4000nm (III), and >4000nm (IV). Figure 5(b)
shows pore volume ratio of 4 regions; Vi, Vs, V3, and V, are
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FI1GURE 3: The variation of uniaxial compressive strength and elasticity modulus with (a, ¢) different fly ash contents and (b, d) admixture
type of the concrete (without corrosion and freezing-thawing environments).

the pore volumes of corresponding region, and V, is the total
pore volume. When the chlorine erosion time increases from
30 days to 270 days, the pore diameter distribution is changed
as follows: region I decreases, region II increases, region III is
almost unchanged, and region IV drops. Due to the secondary
hydration of fly ash and mineral powder admixtures for along
time, calcium silicate hydrate (C-S-H) is generated to fill the
pores in concrete, resulting in changes in pore distribution. As
shown in Figure 6, after 30, 110, 170, and 290 days of cor-
rosion, the secondary hydration in the microstructure of C3-7
samples is not obvious, while numerous primary cracks are
generated after 30 days of corrosion. When the corrosion time
increases to 110 days, the primary cracks are filled with
hydration products, but the microstructure is relatively

compact. As a result, the UCS and E increase after these two
corrosion cases. After 190 days of corrosion, due to the in-
vasion of more chloride ions into the concrete, the large
volume of crystal salts is produced and concrete cement slurry
cracking and cracks are induced; meanwhile mechanical
properties of C3-7 samples are increased due to the slight and
nonpenetrating cracks. With the increase of the corrosion
time, the cracks are connected and the strength of the C3-7
sample is reduced. In a word, the C-S-H induced by secondary
hydration can fill concrete to become denser, and the com-
pressive strength of the sample is improved to a certain extent.
However, with the increase of corrosion time, C-S-H grad-
ually expands and cracks increase correspondingly, leading to
a decrease in the compressive strength of the concrete.
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FIGURE 4: The variation of (a) uniaxial compressive strength and (b) elasticity modulus of C3-7 with the corrosion time.
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FiGure 5: Pore size distribution of C3-7 under the marine corrosion environment.

4

Cracks

FIGURE 6: SEM maps of C3-7 after (a) 30, (b) 110, (c) 190, and (d) 270 days of corrosion.

4.2. Freezing-Thawing Cycles. Figure 7 shows the variation of =~ the FAC, UCS decreases quasi-linearly with the freezing-
uniaxial compressive strength and relative dynamic elastic ~ thawing cycles; P drops gradually in the first 60-70 freezing-
modulus P with the number of freezing-thawing cycles. For ~ thawing cycles and then declines rapidly in the subsequent
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FIGURE 7: Variation of (a, b) uniaxial compressive strength and (c, d) relative dynamic elastic modulus with the number of freezing-thawing

cycles.

cycles. Compared to the ordinary concrete, the single ad-
dition of fly ash into the concrete cannot improve the frost
resistance property, and, even after the addition of 50% of fly
ash, its freezing-thawing resistance property is weakened.
For the concrete with the fly ash and mineral powder of 50%
(C3-7), UCS and P have similar characteristics to those of
FAGC, but the frost resistance property of the C3-7 sample is
significantly improved. Combined with the corrosion
analysis, it can be obtained that the addition of both fly ash
and mineral powder to the concrete can effectively improve
the corrosion and freezing-thawing resistances.

Figure 8 shows the surface spalling of the concrete after
different freezing-thawing cycles. After 30 freezing-thawing
cycles, the surfaces of concrete samples are relatively com-
plete. After 60 freezing-thawing cycles, the cement paste on

the surface of all samples except C3-7 gradually falls off and
some small pit corrosion occurs. The pit corrosion holes of
C3-3 samples are relatively large. After 90 freezing-thawing
cycles, the concrete samples are damaged to a certain degree,
among which the surfaces of the C3-0, C3-1, C3-2, and C3-5
are uneven with the exposed fine aggregate. The surface of the
C3-3 is severely denuded, and the fine aggregate gradually
falls off, while the surface of the C3-7 remains flat. Figure 9
shows the SEM images of the microstructure of the composite
concrete (C3-7) sample after 30, 60, and 90 freezing-thawing
cycles. With the increase of freezing-thawing times, the
surface of the concrete mesoscopic structure becomes uneven
and loose, and the internal cracks increase. In Figure 9(a),
there are fewer cracks and shorter crack lengths, but, in
Figure 9(c), there are more microcracks and long cracks.
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FIGURE 9: SEM maps of C3-7 after (a) 30, (b) 60, and (c) 90 freezing-thawing cycles.

4.3. Coupled Marine Corrosion and Freezing-Thawing
Environment. Figure 10 shows the variation of CIC with the
corrosion time for fly ash concrete after different freezing-
thawing cycles. Obviously, the CIC of FAC is significantly
increased after freezing-thawing, and the CIC difference
between freezing-thawing and non-freezing-thawing ex-
tends with the increase of freezing-thawing cycles. Com-
pared to C3-0 (ordinary concrete), the chloride resistance of
C3-1 (fly ash content: 20%) is improved significantly after
110 days of corrosion under 30, 60, and 90 freezing-thawing
cycles. Figure 11 shows the CIC with corrosion time for the
concrete with 50% admixture. As shown in Figure 11, C3-5
(mineral power content: 50%) exhibits lower CIC than
adding fly ash to the concrete after freezing-thawing cycles,
and C3-7 can resist chloride and freezing-thawing more
efficiently than concrete with other admixture schemes and
has the prime chloride resistance after freezing-thawing
cycles.

The uniaxial compressive strengths of the C3-7 under
various corrosion times after different freezing-thawing
cycles are tested, and the results are shown in Figure 12. It
can be seen that the UCS after the freezing-thawing is

generally lower than that of samples subjected to the single
corrosion. The UCS after both freezing-thawing and non-
freezing-thawing increases first and then decreases with the
growth of corrosion time. This characteristic indicates that
the marine corrosion environment is beneficial to the me-
chanical property of the concrete within short time corro-
sion, while it is harmful in long-time corrosion.

Figure 13 shows the SEM maps of C3-7 eroded for 30
and 270 days after 90 freezing-thawing cycles. After 30 days
of corrosion, there are still a large number of calcium hy-
droxide hexagonal crystals (CH) and long hexagonal pris-
matic ettringite (AFt) in the mixed concrete, and there are
more reticular and needle-like C-S-H gels, all of which are
typical hydration products of ordinary Portland cement.
After 270 days of corrosion, CH and AFt in the concrete are
replaced by the layered C-S-H because the secondary hy-
dration of fly ash consumes numerous CH crystals, and the
newly formed C-S-H is filled with concrete in the small pore
(region I) and larger pore (region IV). Thus, the volume of
pores in the small pore (region I) and larger pore (region IV)
decreases (Figure 14). In addition, due to the corrosion of
chloride ion, a large number of crystal salts are generated,
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which may fill the pores or create new pores due to
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To describe the effect of coupled corrosion and freezing-
thawing on the mechanical property of the concrete, a
freezing-thawing-corrosion composite strength impact
factor is introduced as follows:

(2)

where i and j represent freezing-thawing cycles and cor-
rosion time, respectively; o;; is the compression strength of
the concrete subjected with i freezing-thawing cycles and
subsequent j days of corrosion; A;; is the freezing-thawing-
corrosion composite strength impact factor of the concrete
subjected with i freezing-thawing cycles and subsequent j
days of corrosion. If A = 1.0, it indicates that the coupled
corrosion and freezing-thawing have no effect on the
strength of concrete; if A > 1.0, there is a positive effect; and if
A < 1.0, there is a negative effect.

Table 3 shows the values of A under various i and j. It
can be seen that the composite strength impact factor under
some cases is greater than 1.0 but smaller than 1.0 under
other cases. This result indicates that the influence of
coupled freezing-thawing and corrosion environment on
the concrete is uncertain. If the number of freeze-thaw
cycles is 90, any A is less than 1.0, indicating that the UCS of
concrete is reduced by the coupled freezing-thawing and
corrosion. In addition, under the coupled freezing-thawing
and corrosion (i =90, j =190; i =90, j =270), the composite
strength impact factor is lower than that under single factor
action (=90, j=0;i=0,j=270). It indicates that composite
factors aggravate the deterioration degree of the concrete.

In fact, during a period of chlorine corrosion, the in-
vading chloride ions react with other components in the
concrete; then large crystal salts are generated and fill the
pores of the concrete. As a result, the concrete micro-
structure becomes more compact by the action of cement
and other substances. Besides, the hydration reaction of
concrete and the secondary hydration reaction of admix-
tures are more sufficient, which effectively improves the
compressive strength of concrete. When the invasion of
chlorine salt reaches a certain value, the concrete is damaged
and its mechanical properties are reduced. Freezing-thawing

Ocij = AichOO’

TaBLE 3: Composite strength impact factor A with the freezing-
thawing cycles i and corrosion time j of C3-7.

. A
i

j=0d j=30d j=110d j=190d j=270d
0 1.00 1.01 1.05 1.10 1.07
30 0.86 0.90 1.06 0.92 0.86
60 0.82 0.84 1.02 1.01 0.98
90 0.81 0.83 0.94 0.72 0.70

mainly loosens and damages the pore structure of concrete
by crystal water and nonuniform change of material volume;
then the mechanical properties and compressive strength of
concrete are reduced. According to the test results and
analysis, the strength complex influence factor is mainly
dependent on the influence status of the two factors under
the action of freezing-thawing and chlorine corrosion
coupling. The results show that the corrosion factor is the
dominant factor after 0, 30, and 60 freezing-thawing cycles,
and the composite strength impact factor is larger; the
freezing-thawing factor is the dominant factor after 90
freezing-thawing cycles, and the composite strength impact
factor is smaller. It can be seen that the effect of coupling
environmental action on concrete strength is not a single
superposition.

5. Conclusions

To reveal the damage mechanism of admixture concrete in
marine environment, uniaxial compressive tests and scan-
ning electron microscope tests on admixture concrete
samples are conducted under the single marine corrosion,
the single freezing-thawing, and the coupled marine cor-
rosion and freezing-thawing conditions. The main conclu-
sions are obtained as follows:

(1) The UCS, chloride ion penetration resistance, and
freezing-thawing resistance of the concrete with the
addition of both fly ash and mineral powder are
more excellent than those with the single fly ash or
mineral powder.
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(2) Under the marine corrosion and the coupled cor-
rosion and freezing-thawing environment, the UCS
of the concrete with the addition of both fly ash and
mineral powder increases firstly and then decreases
with the increase of the corrosion time. This is be-
cause the pore of the filling body is filled by large
crystalline salts generated by the reaction of chloride
ions and concrete; then the cementation of the ce-
ment is increased in the early corrosion. However,
the increase of crystalline salts in the subsequent
corrosion process leads to the growth of microcracks
and the formation of macrocracks in concrete
specimens.

(3) A freezing-thawing-corrosion composite strength
impact factor is introduced to describe the effect of
coupled corrosion and freezing-thawing on the
mechanical property of the concrete. The results
show that corrosion is the dominant factor after 0,
30, and 60 freezing-thawing cycles, while the
freezing-thawing is the dominant factor after 90
freezing-thawing cycles.
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