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ABSTRACT
The effect of biological sulfuric acid with different concentrations on the corrosion of alkali-activated cement
concrete (AACC) was investigated, and chemical sulfuric acid was set as the reference. The mass and
compressive strength of AACC, pH curve of pore solution and Ca2+ release were studied, and the corrosion
mechanism of AACC was revealed by ESEM-EDS and XRD. Results show that under the corrosion of chemical
sulfuric acid and biological sulfuric acid with different concentrations, the corrosion product of AACC is mainly
gypsum. With the increase of sulfuric acid concentration, the mass loss rate of AACC increases and the
compressive strength of AACC decreases. The gypsum hinders the permeation of chemical sulfuric acid into
concrete. However, the gypsum provides a survival environment for bacteria, where the bacteria is easy to
permeate into the concrete, accelerating the destruction of AACC. Compared with chemical sulfuric acid, the
biological sulfuric acid increases the loss rates of mass and compressive strength of AACC.
1.INTRODUCTION
For a Marine power country, improving the durability
of Marine structures is very important. Biological
sulfuric will reduce the durability of Marine structures.
Biological sulfuric acid is easy to be formed under
the complex marine environment and various
microbial corrosion. The reaction between the
concrete and biological sulfuric acid produces
expensive gypsum et al., and also causes the
decomposition of C-S-H to form insoluble and nonbinding colloids, leading to the deterioration of
concrete (Rong, 2021). According to statistics, the
amount of structural damage and component failure
caused by marine microbial corrosion has reached
20% of the total (Scholz, F., 1997).
Xie (Xie, 2019) et al. found that AACC exhibited
better resistance to deterioration than ordinary
Portland cement concrete (OPCC) in a biogenic
sulfuric acid corrosion environment. Biological
sulfuric acid causes more severe damage in internal
structure and appearance of OPCC compared to
AACC (Gu and Bennett, 2019; Song, 2019).
Biogenic sulfuric acid attack causes very poor bond
strength between cement paste and aggregate,
resulting in loss of strength (Jean-Marc, 2002).
Sulfuric acid will cause the concrete to precipitate
dihydrate gypsum, which causes volume expansion
and cracking of concrete (Wang and Ma, 2009).
Zheng (Zheng and Liu, 2009) argued that the
hydration products of alkali-activated fly ash cement
contain zeolite-like minerals with very strong binding

power. Compared to OPC, the alkali-activated fly ash
cement has good resistance to sulfuric acid erosion
and is more suitable to be used in wet or acidic
water environments.
Adriana (Adriana, 2016) et al. concluded that OPCC
was damaged by biological sulfuric acid more
severely than chemical sulfuric acid. But Huber
(Huber, 2016) believed no obvious differences
between the two acid attacks were revealed.
However, the corrosive law of AACC under biological
sulfuric acid remains to be studied. In this paper, we
will explore the corrosion mechanism of AACC under
biological sulfuric acid at different concentrations,
with chemical sulfuric acid as the reference group by
macroscopic and microscopic experiments.
2.Materials
Fujian lianshi brand OPC with 42.5 grade was used.
The content of chemical composition of fly ash and
slag is shown in Table 1,which respectively provided
by Fuzhou Shuangteng Building Materials Co., Ltd.
and Fuzhou Taiyu Concrete Plant Co., Ltd. The
analytical pure NaOH produced by Tianjin Zhiyuan
Chemical Reagent Co., Ltd. was used, and the
NaOH content was no less than 96%. The coarse
aggregates were continuous-graded stone according
to GB/T14685-2001 with particle size range of 4.7516mm. River sand was obtained from Fuzhou
Minjiang with fineness modulus of 2.5. Tap water in
Minhou area of Fuzhou area was used. The strain
used was Thiobacillus ferrooxidans(T.f) provided by
the Third Institute of Oceanography, State Oceanic
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Administration, Xiamen. Concentrated sulfuric acid
with H2SO4 content of 98% was used.
Table 1. Chemical compositions of slag and fly ash (%wt.)
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For comparison with biological sulfuric acid, the
chemical sulfuric acid was adjusted to three pH
values (1.1, 1.6, 2.0), and the samples numbers
were labeled by HA1.1, HA1.6, HA2.0, respectively.
The sulfuric acid solution was replaced every 7 days,
and the pH value of sulfuric acid solution was
monitored during the period.
In the sample labels, the first letter S indicates
biological sulfuric acid corrosion, and the letter H
indicates chemical sulfuric acid corrosion; in the
second letter, A indicates that AACC was used; the
number represents the pH value of the sulfuric acid
solution.
3.3 Test methods
3.3.1 Mass and strength loss rate
The mass loss rate is calculated according to
equation (1):
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3.Experimental procedure
3.1 Sample preparation
The AACC was designed according to C60 concrete
strength. To prepare AACC samples, fly ash, slag,
river sand and common stone were firstly mixed in a
mixer at low speed for 1 min, and then a NaOH
solution was added and mixed thoroughly for 1 min.
The mixture was poured into greased molds (100
mm × 100 mm × 100 mm) and carefully compacted
to minimize the air remaining in the molds. The
samples were then covered with plastic film for 24 h
(20 ± 2 ° C, RH > 80%), the molds were removed,
and the samples were placed in the autoclave
equipment (Firstly, vacuum pumped for 30 min, then
the temperature was increased to 195 ℃ and the
pressure was increased to 1.2 MPa for 1h, then the
pressure was decreased for 2 h). Subsequently, the
samples were placed in seawater at a constant
temperature (20 ± 2 ° C) for 27 days. The mix
proportions was shown in Table 2.
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where, Wq is the mass loss rate of concrete samples
(%); Wt is the mass of samples at different corrosion
ages (g); W0 is the mass of samples after autoclaved
curing (g).
The compressive strength of concrete was
determined according to the standard GB/T500812016 named the test method of mechanical
properties of OPCC. The strength loss rate is
calculated according to equation (2):

Qq 

Table 2. Mix proportions of AACC (kg/m3)
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e
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where, Qq is the strength loss rate of concrete (%);
Qt is the compressive strength of samples at different
corrosion ages (g); Q0 is the compressive strength of
samples after autoclaved curing (g).
3.3.2 Pore solution
The pH value of pore solution was measured
according to the solid solution extraction method of
ASTMC311 (Meng and Jiang, 2001). The splitting
and pulling tests were carried out after the sample
reached a predetermined age. The powder was
obtained by drilling holes at the locations of the
splitting section at 1 mm intervals, starting from the
surface of the sample. The powder of 1 g from each
location, distilled water of 10 g was added in a test
tube, and then the solution was shaken well every 5
minutes with a rubber stopper to prevent
carbonization.
3.3.3 Ca2+ release
The filtered solution of 50 ml was taken in a 250 ml
conical flask, and 3 drops of hydrochloric acid
solution was added. The solution was heated and
boiled for 30 seconds, and cooled to below 50 ° C.
The 5 ml of potassium hydroxide solution (mass
fraction 20%), and 80 mg of calcium xanthophyll and
phenolphthalein mixed indicator (0.2 g of calcium
xanthophyll, 0.07 g of phenolphthalein, 20 g of
potassium chloride mixed) was added and the

3.2 Sulfuric acid preparation
Since T.f was suitable for growth in acidic medium
with a pH range of 1.0 to 3.5. T.f was used as an
acid-producing bacterium, inorder that the corrosion
of AACC can be simulated. In this experiment, T.f
was cultured in 9K liquid medium. The color of 9K
liquid medium changed from light green to light
yellow and then to yellowish brown after seven days.
After 3 days of shaking bed culture, many short rodshaped T.f bacteria about 1.0-2.0 mm long and 0.30.5 mm in diameter could be clearly seen by electron
microscopy (1000x). The 9K liquid medium needed
to be changed once in every 14 days to ensure the
activity of the bacteria. The pH values of T.f bacterial
solution were formulated as 1.1, 1.6, and 2.0, and
the samples numbers were labeled as SA1.1, SA1.6,
and SA2.0, respectively. And A0 was the unsoaked
sulfuric acid group, which was set as the reference
group.
2

solution was shake well. 0.01 mol/L EDTA standard
solution for titration was used. Until the color of
yellow-green color disappears, the solution became
red and there was no return of color. The amount of
EDTA used V was recorded. Ca2+ content X is
calculated according to equation (3):

X

V  M  100.8  1000
Vw

corrosion still exists without obvious changes, and
the peak of sodium zeolite also has no obvious
changes, indicating that these four samples are not
very serious erosion. The only difference is that
SA1.1 contains a gypsum peak, while the gypsum
peaks of SA1.6 and SA2.0 are not obvious. It means
that SA1.1 is subjected to the most serious
corrosion. Fig. 2 is the comparison of the physical
phase before and after chemical corrosion.
Comparison between A0 and HA1.1, they are basic
consistency in addition to the new faint gypsum peak
in HA1.1, indicating that the structure of HA1.1 was
only slightly damaged, generating a small amount of
gypsum. Comparing SA1.1 and HA1.1, the corrosion
rate of SA1.1 is faster than HA1.1. However, the
products of the chemical sulfuric acid corrosion and
the biological sulfuric acid corrosion are mainly
gypsum, and the C-S-H type substances and silicaaluminate type substances will be damaged after
sulfuric acid corrosion.

(3)

where, X is the Ca2+ content (mg/L); V is the volume
of EDTA consumed during titration (ml); M is the
concentration of EDTA standard solution (mol/L); Vw
is the volume of titrated sample (ml); 100.8 is the
molar mass of CaCO3 (g/mol).
Each sample was titrated twice, and the deviation
between the two times should not be larger than 2
mg/L, and the average value was taken as the final
Ca2+ content. The erosion solution of the biological
sulfuric acid group contained iron ions, and
triethanolamine (2 ml) was added for shielding
during the operation.
3.3.4 XRD、ESEM-EDS
XRD were used to analyze the hydration products of
AACC before and after corrosion. The local
morphology of corrosion products near the surface of
the samples was observed with environmental
scanning electron microscopy (ESEM). The concrete
was broken at the corrosion age of 12 weeks, the
corrosion specimens obtained at the position of 5
mm away from concrete surface were ground in
agate mortar and then passed through a 0.075 mm
sieve. A Philips X/Pert Pro MPD-type X-ray
diffractometer (XRD) with linearity ±0.0025, scan
speed 0.001-1.27°/s, and 2θ test range 0-167° was
used. An S-3400N environmental scanning electron
microscope (ESEM) with a resolution of 10 nm at 3
kV low voltage and an energy spectrometer
resolution of 129 eV was used.

ig. 1 XRD patterns of AACC under biological sulfuric acid
corrosion of AACC.

4.Result
4.1 XRD analysis
As shown in Fig. 1, the substances with higher and
narrower peaks in the spectrum are quartz, sodium
rhodochrosite and plagioclase zeolite, which are
substances with better crystallization. Sodium
rhodochrosite and plagioclase zeolite are hydration
products. The signals of xonotlite, tobermorite, C-SH, heavy calcium silicate and Al-tobermorite are all
concentrated between 27° and 35° and the signal is
weak, which is a diffuse peak, because all of them
are all C-S-H type substances, namely amorphous
gels. The content of other substances such as pearl
mica are not large in content due to low peak
intensity.
Fig. 1 is a comparison of before and after the
corrosion of biological sulfuric acid, where there is no
major differences found among SA1.1, SA1.6, SA2.0
and A0. The dispersion peak of 27°-35° after

ig. 2 XRD patterns of AACC under chemical sulfuric acid
corrosion of AACC.

F

F

4.2 ESEM-EDS analysis
Fig. 3 gives the experimental results of ESEM-EDS.
0-2 mm is the partial corrosion layer, and the figure
shows that more S elements appear in this area. No
S elements are found at region of more than 2 mm,
which can be judged by the gypsum produced by
corrosion, and it can be seen that the corrosion layer
3

produces more gypsum. The content of Ca and Na
elements in the area of 0-3.3 mm is low, and Na+,
Ca2+ and other cations will be exchanged out by H+
leading to acidification. Na+ mostly comes from free
alkali and can be freely leached out, while Ca2+
exists as Ca-O bond. After the Ca-O bond of C-S-H
type substances was destroyed, Ca2+ is dissolved
out. Therefore, the dissolution depth of Na+ is deeper
than that of Ca2+. For Si and Al elements, it is found
that Si is lower in 0-0.5 mm, while Al is lower in 0-2
mm, which is because the surface layer is softened,
Si-O bond and Al-O bond have been severely
destroyed, and Si and Al elements are dissolved out.
From the Fig. 3, we can see that the dissolved depth
of Al is dissolved deeper than that of Si, which
means that [AlO4]5- tetrahedron is more unstable and
easier to be dissolved out.

layer about 1 mm thick on the surface. HA1.6 has
basically no gypsum layer on the surface, just
covered with about 0.1 mm corrosion layer. HA2.0
has no corrosion layer at all. SA1.1 has about 1.7
mm thick gypsum layer, which is thicker than HA1.1.
SA1.6 has about 0.2 mm thick corrosion layer on the
surface. SA2.0 is basically also not subject to
corrosion, and the surface has a thin layer of
corrosion of about 0.1 mm. It can be found in the Fig.
5 that, except for the corrosion layer, the internal
structure of each group remains intact, with no
cracks and no signs of loosening. As can be found,
only the surface layer of AACC is corroded.
4.3 Pore solution pH
Fig. 6 shows the internal pore solution pH curves of
AACC under the action of chemical sulfuric acid and
biological sulfuric acid, and in general the acid
concentration is linearly and positively correlated
with the erosion depth. From Fig.6, we can see that
the depth of erosion by acid is 3 mm, 7 mm, 10 mm
and 14 mm in HA1.1 for 2, 4, 12 and 20 weeks
respectively, and 4 mm, 7 mm, 12 mm and 17 mm in
SA1.1 respectively. It is seen that bacteria have
some influence, but for AACC the difference between
the above two is not significant. The surface layer of
SA1.6 and SA2.0 are not dissolved, so the weekly
curve shape is basically the same. The acidification
thickness of SA1.6 is 8mm, and the acidification
thickness of SA2.0 is 5 mm at the 20th week. The
surfaces of HA1.6, H2.0 are intact, so the shape of
each curve is the same. For the free penetration of
acid, the degree of corrosion of HA1.6 and HA2.0
are weaker than SA1.6, SA2.0, respectively. The 20th
weeks acidification thickness of SA1.6, SA2.0 are 5
mm and 4 mm, respectively.
From the Fig. 6, we can see that the curve shape of
HA1.1 is relatively similar to that of SA1.1, and the
change pattern during the corrosion process is
similar. With the free penetration of acid, the gradient
of acid concentration changes from large to small.
When the surface layer of the sample is dissolved,
the dissolved part is replaced by the erosion solution
and the pH value of the surface layer is the same as
the solution. The first 4mm of SA1.1 at week 20
show a straight line, representing that part of the
surface layer of the sample is dissolved. the curve of
week 2 in SA1.1 and HA1.1 is steeper than other
groups. The acid penetration needs a process. Due
to the good impermeability, the part that was
acidified was limited to the surface of the sample at
the shallow layer, and the gradient of acid change
was large. The curve of each age becomes more
and more gentle as time progresses, the depth of
acid penetration becomes bigger and the gradient of
acid concentration becomes smaller, and the
penetration ability of acid becomes smaller. The

Fig. 3 EDS
spectrum of the distribution of elements of SA1.1 corrosion
products.

Fig. 4 shows electron micrographs of the corrosion
products of SA1.1 under the corrosion of biogenic
sulfuric acid. Gypsum crystals in the partial corrosion
layer as the main corrosion product are found in Fig.
4(a). For the area adjacent to the corrosion layer,
xonotlite is fused with gypsum in Fig. 4(b), and the
surface of zeolite is seen covered with a layer of
gypsum in Fig. 4(c), and the shape of zeolite
becomes rounded with a tendency to lose the crystal
shape, and the entire pore wall is covered with
gypsum in Fig. 4(d). The crystal shape of gypsum is
clearly visible, and the original product of the pore
wall is engulfed by gypsum. It can be seen that
xonotlite decalcifies after corrosion, and Ca2+
combines with invasive SO42- to generate gypsum.
Due to the acid corrosion, the Al3+ in the zeolite will
be dissolved to destroy the structure and the original
crystal shape is lost and covered by gypsum, namely
the most dominant product.
Fig. 5 lists the corrosion layers on the surface of the
samples photographed with ESEM. For HA1.1, the
corrosion product was observed to be consistent
with that of biological sulfuric acid SA1.1, and the
corrosion product was gypsum. HA1.1 has a gypsum
4

(b)

(a)
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HA1.1

Fig. 4 Corrosion morphology of SA1.1.

HA1.6

(d)

HA2.0

SA1.1
SA1.6
SA2.0
Fig. 5 AACC chemical sulfuric acid corrosion, biological sulfuric acid corrosion of the corrosion layer.

biggest difference between SA1.1 and HA1.1 is that
the acidification of SA1.1 is more severe. There is no
significant difference in the shape of the internal pore
solution pH curve. The acidification process of the
internal structure shows the free penetration of the

acid, but the acidification speed of SA1.1 is faster
than HA1.1.
4.4 Ca2+ release
Fig. 7 shows the Ca2+ release curve for AACC. CCa2+
means the concentration of Ca2+ after corrosion of
AACC. From the Fig. 7, it can be seen that the curve
5
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SA1.6

SA2.0

HA1.1

HA1.6

HA2.0

Fig. 6 Pore solution pH change curve under the corrosion of biological sulfuric acid and chemical sulfuric acid

for HA1.1 stays at a relatively high level, namely
around 460 mg/L. For SA1.1, it can be seen that it is
similar to HA1.1 and stays at a higher level, namely
around 530 mg/L. For HA1.6, HA2.0, SA1.6 and
SA2.0, a linear negative correlation with time can be
found for the entire release due to the insolubility of
the surface. HA1.6 remained around 200 mg/L in
week 2 and dropped to 150 mg/L at week 20, while
SA1.6 remained around 250 mg/L in week 2 and
dropped to 45 mg/L after 20 weeks; HA2.0 and SA2.0
were both around 150 mg/L in week 2 and dropped to
around 14 mg/L and 45 mg/L after 20 weeks,
respectively.
Ca2+ dissolution is mostly related to the destruction of
Ca-O, namely the dissolution of Ca(OH)2 and further
decalcification of C-S-H to form free Ca2+ (Fan and
Cao, 2008). At beginning the surface of HA1.1 was
not subjected to softening, and after 4 weeks it began
to soften and the Ca2+ release increased. After that
the process were the surface was dissolved, while the
internal did not suffer a significant loss, and therefore
the Ca2+ release curves were relatively smooth with
time. It can be seen from Figure. 5 that there is about
1 mm of gypsum layer on the surface. The slight
decrease may be due to the presence of the gypsum
layer played a certain obstructive role. For SA1.1, it
can be seen that it is similar to HA1.1 and remains at
a high level of about 530 mg/L throughout. The Ca2+
release of SA1.1 is higher than HA1.1 because of the
presence of bacteria. Initially, the Ca2+ release was
low because the surface layer was not yet softened
and then there was a process of the permeation of
bacteria, and therefore the release became
significantly higher from 0 to 8 weeks and then

maintained at a stable level. It can be seen that the
presence of biological sulfuric acid compared to
chemical sulfuric acid makes Ca2+ release more
rapidly.
From Fig. 7, it can be seen that the Ca2+ release
varies considerably among the different pH
groups.From Fig. 4, the corrosion of the pH=1.6 and
2.0 groups under both chemical and biological sulfuric
acid has a very thin surface layer, and the corrosion
layer is basically not seen, which means that the
surface is not dissolved and the Ca2+ obtained from
the destruction of Ca-O is limited, and the free Ca2+ is
gradually reduced with the dissolution of the surface
layer. It can be seen that the Ca2+ release has been
decreasing as time goes on and the increase of
sulfuric acid concentration will promote the release of
Ca2+ from concrete.

Ca2+ release curve of AACC corroded by sulfuric acid

4.5 Mass loss
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Fig.

7

Fig. 8 shows the variation of mass loss rate of AACC
under two types of sulfuric acid corrosion, and the
mass loss rate of AACC increases with time. It can be
seen that SA1.1 has the largest mass loss rate. The
mass loss rate of SA1.1, HA1.1, SA1.6, SA2.0, HA1.6
and HA2.0 are 13.1%, 8.69%, 4.29%, 3.18%, 3.9%
and 2.3% at 20 weeks, respectively. Whether it is
biological or chemical sulfuric acid, the increase of
concentration increases the mass loss rate of AACC.
Hence only SA1.1 and HA1.1 were analyzed. The
mass loss rate of SA1.1 is greater than HA1.1. The
surface of SA1.1 is dissolved to produce gypsum
under the corrosion of biological sulfuric acid, which
produced more pores for bacteria to attach and
infiltrate, because the gypsum provided good living
conditions for bacteria (Belie and Monteny, 2004). It
can also be seen from the mass change curve that
the mass loss rate of SA1.1 was significantly
accelerated. The corrosion rate of HA1.1 also
accelerated after 4 weeks of surface dissolution. The
mass loss curve of HA1.1 before 4 weeks was
comparable to that of SA1.6 and SA2.0. In the
process of corrosion, the later curves of SA1.1 and
HA1.1 in the process were basically linear with time.
Combined with ESEM analysis, it was concluded that
bacterial corrosion did not change the internal layer of
the samples, but only accelerated the corrosion rate
of the surface layer, and therefore the later curve
shape remained unchanged.
The order of other mass loss rate is SA1.6 > HA1.6 >
SA2.0 > HA2.0. The mass loss rate of SA2.0 is less
than that of HA1.6, which indicates that the type of
sulfuric acid on the AACC is dominated compared to
the concentration.

rate of AACC under the corrosion of sulfuric acid

strengths of SA1.6 and SA2.0 were 53.58 MPa and
58.1 MPa, and the strength loss rates were 18.19%
and 11.3%, which were 1.37 times and 1.25 times
larger than that of HA1.6 and HA2.0, respectively.
The outer layer of SA1.6, HA1.6, HA2.0, SA2.0 have
almost no dissoluted in the outer layer, so their state
is more stable, and the strength decreases with time.
The difference between biological sulfuric acid and
chemical sulfuric acid corrosion is not very significant.
For ordinary concrete, the internal layer was
destroyed, and therefore the parabolic change was
appeared (Xie and Lin, 2019). The corrosion of acid is
limited to the surface layer, and the internal layer is
only slightly corroded. Therefore, the shape of the
folding line of the strength loss rate does not change
much throughout the corrosion process. Biological
sulfuric acid only played an accelerating role. Form
Fig. 9, the strength loss can be found the
concentration plays a dominant role.
The strength of HA1.1 and SA1.1 decreased slowly in
the first 4 weeks, and the rate of strength loss
accelerated after the 4th week, and the slope of the
decrease of SA1.1 was larger than that of HA1.1.
Wang (Wang and Ma, 2009) believed that H+ in acidic
solution makes Ca(OH)2 and C-S-H gel in ordinary
silicate concrete decompose and transform, while
causing structural collapse corrosion. On the other
hand, Ca2+ reacts with SO42- in solution, and gypsum
is produce , which makes concrete swell and crack.
As can be seen from Fig 7, the Ca2+ release of SA1.1
is the largest, and therefore its strength loss is the
largest. Because the surface of SA1.1 is dissolved
and gypsum is generated, which provides good living
conditions for bacteria, and therefore the strength of
SA1.1 decreases more quickly than that of HA1.1.

Fig. 8 Mass loss
Fig. 9
Compressive strength of AACC under the corrosion of sulfuric acid

4.6 Compressive strength
As shown in Fig. 9, the strength of AACC decreases
with time under two kinds of sulfuric acid corrosion.
The initial strength of HA1.1 was 65.5 MPa, and the
20th week strength of HA1.1 was 49.78 MPa, with a
strength loss rate of 24%. The initial strength of
SA1.1 was 65.5 MPa, and the 20th week strength of
SA1.1 was 42.92 MPa, with a strength loss rate of
34.47%. The strength loss rate of SA1.1 was 1.5
times larger than that of HA1.1. The 20th week

5.Discussions
5.1 Corrosion area
From the Ca2+ release amount, the release amount of
HA1.1 and SA1.1 is about 2-4 times larger than that
of the other groups. From the mass and strength loss
rate, the loss rate of HA1.1 and SA1.1 is also much
greater than that of the low concentration groups. The
depth of SA1.1 and HA1.1 by acid erosion is also
several times that of the low concentration
7

components. From the microscopic data, the ESEM
of the surface layer 0-5 mm corrosion area, the
surface of HA1.1 was softened and had about 1 mm
corrosion layer, HA1.6 and HA2.0 basically had no
corrosion layer. The corrosion layer thickness of
SA1.1 was slightly thicker than that of HA1.1. SA1.6
and SA2.0 were also basically no corrosion layer.
From the data of EDS element change, it can also be
seen that only the surface layer of HA1.1 and SA1.1
was corroded, and there was a slight change of Na
and Ca dissolved in 5 mm. For the 1 mm surface
layers of HA1.6, HA2.0, SA1.6, SA2.0. Al, Si are not
significantly changed. The above analysis shows that
there may be a "corrosion threshold" (COT) between
pH=1.1 and pH=1.6. When the sulfuric acid
concentration is lower than this “COT”, AACC is
basically not damaged. When the sulfuric acid
concentration is higher than this "COT", the AACC
damage degree increased. The softening of AACC by
strong acid corrosion is limited to the surface layer,
and the internal layer remains intact, because the
acid concentration is lower than the "COT".
Combined with this "COT" principle, all the above
phenomena can be explained. The sulfuric acid
concentrations of HA1.1 and SA1.1 are higher than
this "COT", so their surface is softened, while the
sulfuric acid concentrations of HA1.6, HA2.0, SA1.6,
SA2.0 are lower than this "COT", the surface of the
four groups will not be softened.
5.2 Corrosion process
For chemical sulfuric acid corrosion process,
corrosion products will adhere to the surface of the
samples, and gradually formed a complete corrosion
layer, and partial corrosion layer are gradually
formed. Only passing through the corrosion layer,
sulfuric acid can continue to erode the fresh mortar
layer. The complete corrosion layer and partial
corrosion layer have a hindering effect on the erosion
process (Zhang and Song, 2021). However, for
biological sulfuric acid, the corrosive layer creates
favorable conditions for bacterial growth. Due to the
increased porosity, bacteria can penetrate into this
layer and form more sulfuric acid near the uneroded
concrete. The humidity of gypsum layer is high, which
is favorable for bacterial growth (Monteny and Vincke,
2000). Fig. 10 shows the distribution of bacteria on
the surface of SA1.1. It can be seen that the bacteria
are not uniformly distributed on the surface of the
samples, but selectively gathered on the upper edge
of some protruding aggregates. This phenomenon
also gives the basis for the existence of gaps
between the aggregates and the paste on the surface
of SA1.1. The corrosion was accelerated by bacteria
on the surface of the test blocks.
Secondly, in terms of the permeability of bacteria, the
volume of bacteria is about 1 μm (Colmer and Hinkle,
1947), while the pores of AACC are all below 400 nm
(Chen Y, 2000). It is impossible for bacteria to

infiltrate the concrete unless concrete is severely
corroded and the pores become large. Fig. 5 is the
ESEM diagram of the surface 0-5 mm corrosion area
of SA1.1. From the diagram, it can be seen that
except for the partial corrosion layer on the surface 12 mm, the internal layer is dense, the holes are
closed, and there are no cracks in the internal layer.
The phenomenon shows that the bacteria in AACC
can only exist on the surface of the samples, and will
not penetrate into the deeper layer of samples.
According to the comprehensive analysis, the
bacteria only exist on the surface of the samples, so it
can only accelerate the corrosion of the surface of the
samples, and will not play a substantial change to the
damage law of the internal layer.
5.3 Corrosion products
The scholars (Kai and White, 2018; Wang and
Scrivener, 1995) suggested that C-S-H is the main
hydration product of alkali-activited slag cements. The
secondary products such as aluminosilicates vary
with the type of activators. In addition, due to the
structure of C-S-H itself, the Al can replace the
[SiO4]4- tetrahedral Si in C-S-H to generate C-A-S-H,
and the generation of C-A-S-H helps to improve the
microstructure of C-S-H and increase the strength
and impermeability of concrete (Ariffin and Bhutta,
2013; Zhang, 2011).

SA1.1 Bacterial distribution on the surface of sample

Fig. 10

It was concluded (Liu, 2010; Yang and Cui, 2013;
Zhang, 2010) that for the material form of C-S-H gel,
tobermorite and xonotlite are both C-S-H with better
crystallinity. With the increase of curing temperature,
the crystallinity of C-S-H will become better and
better, and the poorly crystalline C-S-H gel will be
obtained by ordinary curing. With the increase of
temperature, tobermorite will be generated, followed
by xonotlite. Under the conditions of vapor pressure,
the crystallization degree of the hydration products is
increased, forming better crystalline tobermorite and
xonotlite, and the aluminosilicate gel is transformed
into zeolite (Shi and Roy, 2008). The analysis of
hydration products shows that the C-S-H and silicaaluminate substances are corroded by sulfuric acid,
which provides H+ with SO42-.
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AACC has good acid resistance. The main hydration
products such as hydrated calcium silicate in HA1.1
and SA1.1 are dissolved. For HA1.6, HA2.0, SA1.6
and SA2.0, and the internal layers of samples are not
destroyed. The dissolution of Na+ and Ca2+, and the
dissolution of Ca2+ may generate a limited amount of
gypsum in four groups. In other words, if the
concentration is low, it is mainly gypsum formed by
released Ca2+. Under the different concentrations of
sulfuric acid, regardless of biological sulfuric acid or
chemical sulfuric acid, the main products are gypsum.
Concrete sulfate erosion can be divided into four
stages: diffusion of SO42- and dissolution of Ca(OH)2,
formation of calcium alumina, formation of gypsum,
and decalcification of the C-S-H gel phase (Kai and
White, 2018). Highly alkaline C-S-H in ordinary
cement must rely on Ca(OH)2 to provide a high
alkalinity environment. When the alkalinity is low C-SH will decalcify and decompose into SiO2 colloids,
which are insoluble in water and have no cementing
effect (Islander, 1991). For the AACC, xonotlite,
tobermorite, and C-S-H are also hydrated calcium
silicate. The EDS test (Fig. 3) also found that a large
amount of calcium was reduced during the corrosion
process, indicating that the hydrated calcium silicate
was destroyed. Therefore, it can be inferred that the
hydrated calcium silicate in AACC was decalcified
after corrosion by biological sulfuric acid, and the
detached Ca2+ and SO42- generated gypsum.
The slag is mainly composed of vitreous body. The
OH- of NaOH have strong ionic force, which breaks
the covalent bonds of Si-O-Si, Si-O-Al and Al-O-Al of
the vitreous. A large number of [SiO4]4- and [AlO4]5tetrahedrons are generates after fracture. For silicaaluminates such as sodium rhodochrosite and sodium
zeolite, the internal layer consists of silica-oxygen
tetrahedra [SiO4]4- and aluminum-oxygen tetrahedra
[AlO4]5-, which are amorphous zeolite-like products
(Norton and Provis, 2020). Gao (Gao, 2007)
concluded that these tetrahedra-shaped spatial threedimensional mesh polymer are very strong. They are
bonded by ionic and covalent bonds, both van der
Waals bonds, and these chemical bonds. This may
be one of the fundamental reasons for their
resistance to acid corrosion. The study points out that
under the action of nitric acid, Na+ and Ca2+ are
dissolved and replaced by H+ and H3O+. This electron
attack destroys the Si-O-Al bond and destroys the
silicon-aluminate structure. The aluminum tetramer in
the structure is replaced by Si, and the discharged Al
forms an octahedral aluminum structure filled inside
the structure.
In summary, after corrosion, the hydrated calcium
silicate material is first stripped of Ca2+, after which
the Si-O structure is destroyed and other
combinations of Si-O structures are generated. But
no specific structural strength of the material is
generated, and the stripped Ca2+ and SO42- generate

gypsum. The cations such as Na+ and Ca2+ of the
silica-aluminate material are first exchanged by H+,
after which H+ undergoes electrophilic reaction to
attack SiO42 and [AlO4]5- tetrahedra. Al and Si were
dissolved. No new Al-O combination was generated
after the destruction, and no specific substances with
specific intensity were generated. In other wods, C-SH and silica-aluminate substances were corroded
without the generation of substances beneficial to the
structure.
6.Conclusions
1. Before the corrosion of AACC, its C-S-H type
substance is mainly xonotlite, tobermorillonite, C-S-H,
Si-O tetrahedra is its main architecture. After the
corrosion of AACC, its C-S-H type substance can be
completely destroyed.
2. Biological sulfuric acid damages AACC more
rapidly and severely than chemical sulfuric acid. The
loss rate of compressive strength and mass of
biological sulfuric acid groups are higher than those
of chemical sulfuric acid groups. The mainly corrosion
products of AACC under the corrosion of different
concentrations of chemical sulfuric acid and biological
sulfuric acid are the same, namely mainly gypsum.
The gypsum layer acts as a barrier to chemical
sulfuric acid penetration. For biological sulfuric acid,
the loose gypsum layer is conducive to bacterial
growth. The bacteria only exist on the surface of the
samples due to their volume size, and accelerate
surface corrosion.
3. With the increase of sulfuric acid concentration, the
mass loss rate of AACC increases and the
compressive strength of AACC decreases. There is a
"COT" between pH = 1.1 and 1.6. When the acid
concentration is lower than this "COT", AACC is very
stable, although there will be Na+, Ca2+ leaching, but
the main structure is basically not damaged. When
the concentration is higher than the "COT", the AACC
damage intensely. The softening of AACC by strong
acid corrosion is limited to the surface layer, and the
internal layer remains intact because the acid
concentration is lower than the "COT". The acid
shows free penetration, and internal pore solution pH
curves of AACC change smoothly without inflection
point.
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