
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
D

ec
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 1

/2
3/

20
25

 5
:3

3:
38

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
The corrosion re
aCollege of Materials and Chemical Engin

230601, China. E-mail: marui@ahjzu.edu.c
bCollege of Civil and Environmental Engine

117578, Singapore
cDepartment of Materials Science and Eng

210023, China

Cite this: RSC Adv., 2024, 14, 39927

Received 14th September 2024
Accepted 6th December 2024

DOI: 10.1039/d4ra06637e

rsc.li/rsc-advances

© 2024 The Author(s). Published by
sistance of white ultra-high
performance concrete under the coupling
environment of acid rain and carbonization

Huiying Hu,a Rui Ma, *ab Ziyang Tian,a Zhidan Rong*c and Daosheng Suna

Acid rain and carbonization are two primary types of environmental corrosion that threaten the health of

urban concrete structures over time. However, the coupling effects of acid rain and carbonization on

concrete deterioration have been rarely reported. In this paper, four coupling regimes were designed

using accelerated simulation experiments to investigate the deterioration properties of white ultra-high

performance concrete (WUHPC). The results showed that under acid rain corrosion, the WUHPC surface

was covered with white crystals before peeling off after 7 days, resulting first in an increase, followed by

a rapid decrease in weight and strength, and the erosion depth linearly increased at a rate of 33.0 mm per

day. Meanwhile, negligible changes occurred with only carbonization. However, under coupling

corrosion, the deterioration worsened after environmental alternation. The strength of WUHPC with acid

rain after carbonization decreased by 27.7%, reaching a minimum of 72.0 MPa. The erosion depth growth

under acid rain followed by carbonization was 20.0 mm per day, which was much faster than that (3.9

mm per day) of single carbonization. The major corrosion products under acid rain were gypsum crystal,

and the crystal shrank with time, leaving more voids and a weakened bonding strength. The calcium

carbonate sediment generated during carbonization blocked the pores on the surface, hindered the

diffusion of acid solution, and partly consumed acid ions via dissolution, resulting in facilitated acid rain

corrosion. Once carbonate was consumed in a short time, more capillary pores were unblocked to

promote further acid rain corrosion.
1 Introduction

With the rapid industrial development, large amounts of acid
ions and CO2 have been emitted into the atmosphere, causing
the growing air pollution. It has been reported that the average
pH of rainfall in China is 5.6,1 and the average annual carbon
dioxide concentration has reached a new record of 414.7 parts
per million.2 Acid rain and carbonization are two atmospheric
contaminants causing global problems, including soil acidi-
cation, ecosystem destruction and building deterioration.3–5 For
urbanization, the demands for concrete constructions increase
every year. Acid rain and carbonization have become the
primary risks that cause durability problems for urban
concretes,6,7 resulting in frequent maintenance and shorter
service lives than their designed age.8,9 Acid rain contains many
corrosive ions, for instance, SO4

2+, H+, and NH4
+,10 which react

physically and chemically with hydration products, dissolve
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Ca2+ and destroy the microstructure of concrete, resulting in
decreased concrete strength, crack formation and, nally,
structural failure.6,11–15 Moreover, sulfate and acid ions in acid
rain break the protective layer and increase the risk of steel
rebar corrosion in concrete.16–19 Carbonization consumes
Ca(OH)2 in concrete and decreases the pH value, damaging the
microstructure and causing shrinkage and cracking of
concrete.20 Therefore, global efforts have been undertaken
toward low-carbon developments to repair the ecological envi-
ronment for human survival. Because the production of
concrete requires considerable energy and produces signicant
CO2 emission, it is urgent to increase the service life of concrete
to decrease the environmental impacts in their full-life
cycle.21–23 Thus, how to improve the corrosion resistance of
concrete is a critical problem to address for low carbon devel-
opment in the construction industry.24

Numerous studies have been reported on the corrosion of
acid rain and carbonization on concrete in the last two
decades.7,25,26 It was proved that acid rain corrosion on concrete
is a complex process, and can be divided into acid erosion and
sulfate erosion.27 For acid erosion, H+ reacts with hydrated
calcium hydroxide and calcium aluminate in concrete to form
soluble products, which destroys the structure and further
promotes the hydrolysis reaction.28,29 A sulfate attack is more
RSC Adv., 2024, 14, 39927–39936 | 39927
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complex with the formation and growth of gypsum, ettringite
and thaumasite.30 The large size of the gypsum crystal causes
partial expansion and cracking in concrete. These cracks
subsequently become the new channel for acid ion trans-
mission to further accelerate the corrosion.31–35 Wang et al.36

considered that the harm of gypsum was greater than ettringite
in concrete. However, some research studies claimed that the
gypsum did not fully ll the pores for an obvious expansion.37

Moreover, NH4
+ in acid rain reacts with OH−, reducing the

internal pH value. NH4
+ can also replace Ca in the C–S–H gel,

which decreases the cementation of the C–S–H gel and leads to
the weakening of the mechanical properties and durability.38

Carbonization is the reaction of CO2 in the air with calcium
hydroxide, which initially decreases the porosity by calcium
carbonate sedimentation and increases the compressive
strength of concrete.39 However, the decreased pH of the pore
solution results in the decomposition of some hydration prod-
ucts over time.40 However, most of the above works only focused
on the deterioration under individual acid rain or carbonation
corrosion. Under real conditions, the concrete suffers multiple
impacts, but studies on the coupling effects of the environment
are still limited.41,42 Peng et al.43 studied the deterioration
mechanism of concrete under the coupling of sulfate and
carbon dioxide, and demonstrated that the coupling condition
made the concrete more fragile. Thus, further investigations on
the deterioration process of concrete under coupling acid rain
and carbonization coupling corrosion are necessary to improve
corrosion resistance under conditions that more closely match
the actual environment.

White ultra-high performance concrete (WUHPC) is a new
cement-based construction material that combines excellent
mechanical properties and good aesthetics appearance.44,45

WUHPC has a white smooth surface and more compacted
matrix. Compared to normal concrete, WUHPC does not need
a secondary coating of paint. Furthermore, the air and liquid
permeability are only 1/4 to 1/5 of that for normal concrete,
which avoids frequent maintenance and leads to long dura-
bility.46,47 WUHPC can be used as the building material for
exterior structures to improve the mechanical and durability
properties, and satises the requirement of a thin-wall, ultra-
high or light-weight design of urban constructions.48 Although
WUHPC exhibits the expected resistance on corrosion, some
surface efflorescence occurs under corrosion environment,
which signicantly disturbs the appearance. Furthermore, the
surface deterioration still occurs with long-term service.

In this paper, acid rain and carbonization alternant-
accelerated experiments were designed as coupling corrosion
regimes. The macroscopic properties of WUHPC under
Table 1 Chemical composition of the binder materials (wt%)

Materials CaO SiO2 Al2O3 Fe2O3

WPC 67.09 18.09 2.25 0.27
WSF 0.29 91.83 0.48 0.4
MK 0.48 95.62 0.9 0.06
LP 99.36 0.22 0.02 0.03

39928 | RSC Adv., 2024, 14, 39927–39936
different coupling regimes were studied to reveal the deterio-
ration process, and the corrosion products and micropore
structures were also analyzed.
2 Material and methods
2.1 Preparation of WUHPC

P W52.5 White Portland Cement (WPC), white silica fume
(WSF), metakaolin (MK) and limestone powder (LP) were
selected as binder materials. Fine aggregate was river sand with
the neness modulus of 2.59. Polycarboxylate water reducing
agent with a reducing rate of over 30% was used to improve the
workability. The chemical composition of the binder materials
is listed in Table 1. The particle size distribution of different
powders is shown in Fig. 1.

The WPC was partly replaced by mineral admixtures to
reduce the initial hydration heat and the CO2 emission. The
weight ratio of WPC :WSF : MK : LP = 10 : 1 : 3 : 6 for the control
group, and the W/B ratio of WUHPC was 0.18. The details of the
mix proportion of WUHPC are listed in Table 2.

For the mixing procedure, the powders (including binders
and sand) were rst dry-mixed for 2 min to ensure good
dispersion. Aer that, water and the water reducer were added
slowly during continuous stirring until a uniform slurry was
formed. Lastly, steel ber was added and themixture was stirred
for another 3 min. The slurry was then cast into a mold with the
size of 40 × 40 × 160 mm3, placed under a standard environ-
ment (20 ± 2 °C, RH > 95%) for 36 h to demold, and steam-
cured at 85 °C for 3 days.
2.2 Coupling corrosion regime

To simulate the acid rain and carbonization corrosion process,
a harsh environment was created to accelerate the degradation
of WUHPC. For the experiment, sulfuric acid with a mass frac-
tion of 95–98%, nitric acid with a concentration of 65–68%, and
saturated ammonium sulfate solution were used to prepare the
simulated acid rain solution. The concentration of SO4

2+ in the
solution was controlled to 0.5 mol L−1, and the molar ratio of
SO4

2+ : NO3
− : NH4

+ was set at 2 : 1.5 : 1, with the initial pH of
0.88. Carbonization was controlled using the carbon dioxide
concentration of 20 ± 3%, a temperature of 20 ± 2 °C, and
humidity of 70 ± 5%.

Each minor cycle of acid rain or carbonization-accelerated
experiment was 1 week in length, and denoted as S or T,
respectively. A major experiment cycle would last for 4 weeks. In
the acid rain corrosion, the specimens were immersed in the
simulated solution for 2.5 days, dried at 45 °C for 1 day, and the
MgO Na2O SO3 L.O.L Whiteness/%

4.49 0.3 4.33 2.48 88.5
0.33 0.1 0.97 0.13 92.97
0.37 0.04 2.34 0.06 96.16
0.28 — 0.01 7.16 97.52

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Particle size distribution of the mixed binder materials.
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process was repeated. The simulated solution was refreshed
every 7 days. For carbonization, the specimens were sealed in
a CO2 ambient for 7 days. To compare the different corrosion
processes, six corrosion regimes were determined: pure acid
rain (4S); pure carbonization (4T); rst acid rain for 3 weeks,
followed by carbonation for 1 week, and repeated again (3S-T);
Table 2 The mix proportion of WUHPC (kg m−3)

WPC SF MK LP Sands Water

500 50 150 300 1000 180

Fig. 2 Schematic of different coupling corrosion regimes.

© 2024 The Author(s). Published by the Royal Society of Chemistry
rst acid rain for 1 week, followed by carbonization for 3
weeks, and repeated again (S-3T); and the reversed processes
denoted as 3T-S and T-3S. A schematic diagram of the whole
experimental regime is presented in Fig. 2.
2.3 Test methods

2.3.1 Weight change ratio. The weights of the specimen
before and aer corrosion for each minor cycle were measured
and recorded. Before being weighed, the specimen was dried at
45 °C until a constant mass was achieved. The weight change
ratio was calculated following eqn (1), and an average was taken
from three specimens for each group.

M = wt − w0 × 100%/m0 (1)

where M is the weight change ratio of WUHPC, and w0 and wt

are the weights at the initial time and corroded aer time t,
respectively.

2.3.2 Compressive strength. The compressive strength of
WUHPC was tested according to the Chinese standard
“Strength test method for cement mortar” (GB/T 17671-2021).
The specimens with the size of 40 × 40 × 160 mm3 were
compressed at a load of 2.4 ± 0.2 kN s−1. The compressive
strength of WUHPC was tested before and aer major corrosion
cycles with different regimes. For each group, three specimens
were tested to make an average.
WR Fiber Strength (MPa) Whiteness (%)

14 189 102.3 71.9

RSC Adv., 2024, 14, 39927–39936 | 39929
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2.3.3 Whiteness change rate. The whiteness of the WUHPC
before and aer corrosion was measured by a colorimeter. For
each sample, three points at different positions on the surface
were tested to obtain an average, and the whiteness change ratio
was calculated by eqn (2).

W = Wt − W1 × 100%/W1 (2)

where W is the change rate of the whiteness, and W1 and Wt are
the whiteness of WUHPC before and aer corrosion at time t,
respectively.

2.3.4 Erosion depth. Erosion depth is a commonmethod to
determine the degree of corrosion. Since the internal environ-
ment of the cement-based materials is alkaline, phenolphtha-
lein is preferred as a color indicator to determine whether the
specimen is corroded into neutral or acidic condition at the
specic depth. In this test, the erosion depth was tested for
every minor cycle under corrosion. The end of the specimen was
cut into a slice with the thickness of 10 mm from the cross-
section. Then, phenolphthalein solution was sprayed onto the
cutting face. At last, a magnifying scope with a scale was used to
observe the color change of the cutting face, and the width of
the area that did not change into a mauve color was measured
as the erosion depth. A schematic of the test process is shown in
Fig. 3.

2.3.5 Corrosion products. X-ray diffraction (XRD) and
thermogravimetry (TG) were used to analyze the component
and content of the corrosion products by different regimes. The
samples aer corrosion were placed in anhydrous ethanol to
stop hydration. Then, the corrosion products were ground into
a powder and dried in a vacuum oven at 40 °C before testing.
The sample was scanned in the 2q range from 5°–80° during the
XRD test, with the scanning rate of 10° min−1. For the TG test,
about 20 ± 0.5 mg sample was heated from 25 °C to 1000 °C at
the rate of 10 °C min−1 under the N2 atmosphere.

2.3.6 Pore size distribution. The pore structure was
signicantly affected by the corrosion process and determined
the transmission of harmful ions. The pore structure was
analyzed by low-eld nuclear magnetic resonance (L-NMR)
method. The relaxation time of 1H from the water molecules
Fig. 3 Diagram of cutting and neutralization depth testing procedure.

39930 | RSC Adv., 2024, 14, 39927–39936
in pores is related to the interaction between the water mole-
cules and pore walls, and a longer relaxation time refers to
a larger pore radius. The pore size distribution was detected by
the transverse relaxation time distribution.49 For sample prep-
aration, WUHPC with the size of 2 × 2 × 10 mm3 underwent
vacuum water saturation for 7 days. The sample was then tested
by NMR with the resonance frequency of 21.3 MHz, coil diam-
eter of 60 mm and magnet temperature of 32 ± 0.02 °C.

2.3.7 Micro-morphology. The morphologies of the matrix
and corrosion products were observed by scanning electron
microscopy (SEM). To compare the morphology changes of the
corrosion products under acid rain corrosion, the WUHPC
specimens were soaked in acid rain solution for different
designated times (1 h, 6 h, 18 h, 30 h, 54 h), and the hydration
was stopped by ethyl alcohol. The samples were obtained from
the surface area, and covered with Au lm before observation.
3 Experiment results and analysis
3.1 Weight change

Fig. 4 shows the weight change of WUHPC under different
corrosion paths. From the picture, the weight change in the
pure carbonization process was negligible. Meanwhile, the
weight of WUHPC under acid rain was increased by 1.42%
during the rst 7 days, and then began to decrease with
a sudden accelerated ratio at the last half period. For the single
acid rain process, the total weight lost was 3.32%, and about
70% happened during the last 21 days. However, during the
coupling corrosion process, the total weight loss was smaller
than a single one. The weight increase rate slightly decreased
when the carbonization step was changed to acid rain at the rst
minor cycle. The weight of the sample undergoing carboniza-
tion, followed by acid rain, rst increased and then decreased,
displaying amore signicant change. The weight increase of the
S-3T and 3S-T samples in the rst carbonation cycle was 0.24%
Fig. 4 Mass change rate of WUHPC under different paths.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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and 0.65%, respectively. Also, for the T-3S and 3T-S regime,
a high range weight loss occurred in the last acid rain cycles.

The weight change of WUHPC was dominated by the growth
and exfoliation of the corrosion products. At the early age of
acid corrosion, more white products were precipitated on the
surface, causing the increase of weight. Then, these products
began to peel off with time, resulting in the weight decline. For
the coupling corrosion, the total acid rain time was shorter than
that of the pure process, so the weight loss was less. However,
the coupling corrosion induced more surface defects, especially
by acid rain, and made the transmission of corrosion ions
easier, which increased the weight change rate at the rst
alternate minor cycle. The results also proved that during the
early part of the experiment, carbonization contributed toward
resisting the formation of acid rain products, but this effect
quickly decreased upon continuous corrosion.
Fig. 6 Surface appearance of WUHPC after corrosion.
3.2 Compressive strength

The variation of the compressive strength of WUHPC under
different corrosion paths is shown in Fig. 5. It was observed that
under single acid rain, the compressive strength increased by
11.7% in the rst major cycle, and then decreased by 22.2% in
the later one. Meanwhile, for carbonization, the strength rst
decreased by 12.7% and then became stable. However, with the
coupling corrosion, only the samples under S-3T reached the
minimum strength drop, which was 91.65MPa with 8% loss. The
samples under other regimes all showed greater decreases in
strength. By comparison, it was found that the strength
decreased more signicantly than in the other cases, and
reached 27.7% for acid rain followed by carbonation (T-3S, 3T-S).

From the results, the corrosion resistance of WUHPC was
much better than that of normal concrete. The strength
decrease under such severe conditions was less than 30%.
Furthermore, the strength improvement in the early stages of
the experiment was primarily contributed by the deposition of
Fig. 5 Variation in WUHPC compressive strength under different
paths.

© 2024 The Author(s). Published by the Royal Society of Chemistry
small corrosion products, such as calcium carbonate, which
lled the pores and compacted the matrix. However, this effect
was reversed if the products became larger and consumed more
hydration products. Still, if the WUHPC was corroded by
carbonation followed with acid rain, the precipitated products
were dissolved with acid solution, promoting further corrosion
and accelerated strength failure.
3.3 Surface appearance degradation

Fig. 6 presents the digital pictures of the surface appearance of
WUHPC aer corrosion, and the whiteness change is shown in
Fig. 7. As shown in Fig. 6, the surface was smooth before
corrosion, and slightly changed aer carbonization. The
whiteness of WUHPC was increased by about 8.2% at the rst 7
days, then decreased with the continuing carbonization. At the
early stage (7 days) of the acid rain corrosion, a large number of
white crystals and bubbles were generated on the surface, which
roughened the surface and signicantly increased the white-
ness by about 20.8%. As the time went on, the surface began to
break from the corners, and the increase of whiteness became
more constant. Under acid rain corrosion aer carbonization,
the surface of WUHPC was grayish white with generated white
crystals and bubbles. Once samples underwent carbonization
Fig. 7 Whiteness change rate of WUHPC under different paths.

RSC Adv., 2024, 14, 39927–39936 | 39931
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Fig. 9 XRD pattern of erosion products of WUHPC under different
paths.
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aer being soaked in acid rain, the white crystals formed by acid
rain peeled off during the carbonization. However, the change
of the whiteness was similar between the single or coupling
corrosion processes.

3.4 Erosion depth

Fig. 8 shows the erosion depth of WUHPC under different
corrosion paths. For acid rain, the erosion depth increased
linearly at a rate of 33.0 mm per day, and reached the maximum
of 1.85 mm at 56 days. Meanwhile, the corrosion of single
carbonation was the slowest at only 0.22 mm. The high diffu-
sion resistance was caused by the compact WUHPC matrix.

However, under the coupling regime, the growth of the
erosion depth in the carbonization stage was not negligible. For
S-3T and 3S-T, the average erosion rates of carbonization were
7.1 mm per day and 20.0 mm per day, respectively, which were
higher than 3.9 mm per day of single carbonization. The results
also proved that under the coupling condition, acid rain
promoted the erosion of carbonization. On the other hand,
during the rst acid rain cycle aer carbonization, the erosion
depth increased faster than in single acid rain, and the effect
was mitigated with time.

3.5 Corrosion products and components

To better understand the process of coupling corrosion, the
corrosion products were examined by XRD, and the results are
shown in Fig. 9. The control group was WUHPC immersed in
water as comparison. It was found that the characteristic peaks
of C2S, C3S, CaCO3 and CH, which existed in the control group,
disappeared aer acid rain corrosion. When immersed in acid
solution, the calcium hydroxide from WUHPC reacted with
SO4

2+ in solution to form gypsum, and the reaction equation is
shown in eqn (3).

Ca2+ + SO4
2− + 2H2O / CaSO4$2H2O (3)
Fig. 8 Erosion depth of WUHPC under different paths.

39932 | RSC Adv., 2024, 14, 39927–39936
Aer rapid carbonation, only calcium hydroxide, calcium
carbonate, and quartz were detected in WUHPC and the other
hydration products disappeared, which indicated that carbon-
ation dissolved the hydration products on the surface of
WUHPC. The intense peaks of calcium carbonate were found in
samples from acid rain aer carbonization (S-T), which
conrmed that calcium carbonate was still formed aer acid
rain soaking. However, calcium carbonate disappeared in the
patterns of the reversed process (T-S), indicating that calcium
carbonate was dissolved in acid rain solution.

Based on the XRD analysis, gypsum and calcium carbonate
are the primary corrosion products in acid rain and carbon-
ization. The contents of the products were further studied by
TG-DSC.

The TG-DSC curves of the samples are shown in Fig. 10.
Compared to the control group, an exothermic peak existed at
100–200 °C for the sample soaked in acid rain, corresponding to
the dehydration of gypsum. The content of gypsum was calcu-
lated by eqn (4).

Mg = Mw × gg/(2 × gH2O
) (4)

whereMg is the mass of gypsum,Mw is the mass loss during the
dehydration, gg is the molecular weight of gypsum, and gH2O is
the molecular weight of water.

Aer calculation, the contents of gypsum in the 4S, S-3T, 3T-
S, 3S-T and T-3S samples were determined as 39.26%, 11.10%,
14.44%, 25.83% and 9.37%, respectively. Meanwhile, the 4S
sample had no detected gypsum. From the results, it can be
seen that the gypsum dosage decreased in the coupling process.
This is because the calcium carbonate formed at the early stage
blocked some pores on the surface to impede the diffusion of
corrosion ions in acid rain. Aer calcium carbonate was
consumed by H+, the dissolved Ca2+ was reacted with SO4

2− to
generate gypsum.

3.6 Pore size distribution

Fig. 11 shows the pore size distribution and pore size ratio of
WUHPC aer corrosion. The pores in concrete were usually
divided into gel pores (<0.01 mm), capillary pores (0.01–5 mm)
and macropores (>5 mm). As shown in Fig. 11(a), the pore size
of WUHPC was concentrated between 0.001–0.1 mm, and
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 (a) TG and (b) DSC curves of WUHPC with different corrosion.

Fig. 11 Effect of different paths on (a) pore size distribution and (b) percentage of porosity.
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mainly belonged to gel pores and capillary pores. Aer acid
rain and carbonization, the capillary pores were increased.
Aer single acid rain, the content of the capillary pores
increased to 48.8%, while the proportion of macropores and
gel pores changed little or decreased, which led to an increase
in strength and erosion depth. Aer single carbonization, the
total porosity and capillary pores increased by 2.5% and 7.0%,
respectively. Under the coupling regimes, the capillary pores of
the S-3T, 3S-T, T-3S and 3T-S samples were increased to 25.9%,
53.2%, 41.5% and 17.1%, respectively. However, the macro-
pores decreased by 0.68%, 27.5%, 14.1% and 56.8%, respec-
tively. The changes of the pore structure in 3S-T and T-3S were
equivalent to that of single acid rain erosion, which indicated
that the combination of acid rain and carbonization promoted
the corrosion of WUHPC in both sides. The pore structure of
3T-S and 3S-T was signicantly larger than that of single
carbonation.

3.7 Micro-morphology of WUHPC

Fig. 12 shows the SEM diagram of WUHPC under different
conditions. For the control sample, the matrix was uniform and
dense, with little cracks. However, aer carbonization (4T),
plenty of small crystal powders were distributed in the matrix,
causing some defects. For acid rain erosion (4S), a large amount
of rod-like gypsum crystal was formed, crisscrosses into
© 2024 The Author(s). Published by the Royal Society of Chemistry
a network and covered the surface, making the surface more
loose and brittle. Meanwhile, for the coupling condition (taking
S-3T and 3T-S for examples), it was found that larger rod-like
gypsum crystals still existed, along with the needle and
cluster-formed products in S-3T. However, the number and size
of the gypsum products in 3T-S were much smaller. This
inferred that the carbonization products compacted the surface
of WUHPC, and limited the space for gypsum crystal growth.

The morphology of the erosion products in acid rain at
different stages was also observed, and is shown in Fig. 13.
When WUHPC was immersed in acid rain solution for the rst
1 h (Fig. 13(a)), the corrosion products were complex,
including needles, rods and stripe-shaped crystals with
different sizes. Then, the large stripe-shaped crystals began to
split into small rods with the length of 10–30 mm. By 18 h, there
were only needle-like crystals le, forming a petaloid structure,
and the shape became more uniform, as shown in Fig. 13(c).
With the increasing time, the length of the products decreased
and transformed into granular crystals with a particle size of
about 1 mm at 54 h. The granular products were loose with
weak cementation performance, causing the increase of
porosity and spalling of the surface. The concentration of
ammonium sulfate solution in acid rain played a decisive role
on the change of product size. When the concentration of
ammonium sulfate solution increased, the growth orientation
RSC Adv., 2024, 14, 39927–39936 | 39933
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Fig. 12 SEM diagram of WUHPC under different paths: (a) control; (b) 4T; (c) 4S; (d) S-3T; (e) 3T-S.

Fig. 13 Morphology changes of the erosion products under different acid rain erosion times: (a) 1 h; (b) 6 h; (c) 18 h; (d) 30 h; (e) 54 h.
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of the gypsum crystal changed and the particle size of the
crystal changed.22

4 Conclusion

The degradation performance and microstructure properties of
WUHPC under acid rain and carbonization coupling condition
were investigated in this paper. The results demonstrated that
WUHPC performed well on weight loss, strength loss and
whiteness change under severe corrosion environments, and
the coupling condition accelerated the corrosion process.

The weight loss and strength of WUHPC was more affected
by acid rain compared to carbonization. The improvement of
WUHPC at the early stage (7 days) of acid rain contributed to the
precipitation of gypsum crystal, but rapidly deteriorated at the
last major cycle. Under the coupling regime, the corrosion rate
of carbonization was increased to 7.1 mm per day and 20.0 mm
per day, compared to 3.9 mm per day under pure carbonization.
The corrosion rate of acid rain aer carbonization was also
accelerated at the rst cycle, and was then mitigated.
39934 | RSC Adv., 2024, 14, 39927–39936
Gypsum and calcium carbonate are the primary erosion
products in acid rain and carbonization. Under the coupling
corrosion process, the rst formed carbonate blocked the pores
on the surface, hindered the transfer of H+ and SO4

2+ into the
matrix, and the dosage of gypsum was decreased. However, the
carbonate was quickly consumed by acid solution, leaving more
pores and cracks. The products of WUHPC under the action of
acid rain were mainly plate-like and needle-like crystals, and
most were clustered structures. With the increase of acid rain
soaking time, the plate-like and needle-like crystals gradually
became shorter and thinner, with part of the needle bars
gradually being dissolved into granular crystals, and the
bonding properties were lost.
Data availability
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