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Abstract: The corrosion of alkaline concrete materials exposed to a sulfuric acid environment is
becoming more and more prevalent, and its damage assessment is becoming more and more imper-
ative. This study aims to describe the corroded surfaces of concrete with different strength grades
(C30, C50, C80) in sulfuric acid environments in terms of their three-dimensional fractal dimension.
Three kinds of concrete with varying strength grades, namely C30, C50, and C80, were immersed
in a sulfuric acid solution with pH =~ 0.85 for four distinct corrosion durations, specifically 0, 28,
56, and 165 days, in accelerated corrosion tests. The 3D laser scanning technique was utilized to
capture the 3D coordinates of the surface points of the concrete cylinder before and after corrosion.
The fractal dimension of concrete’s uneven surface before and after corrosion was computed via
the cube covering method, and the mass loss of the concrete specimen was also obtained. The
outcomes demonstrate that the three-dimensional fractal dimension provides a new method for
characterizing the degree of corrosion deterioration of concrete samples affected by sulfuric acid via
laser scanning technology. From the perspective of the appearance, mass loss, and fractal dimension
of a rough surface in the sulfuric acid environment at a pH level of approximately 0.85, the degree of
the corrosion deterioration of concrete is ranked from high to low as C80 > C50 > C30. These fractal
dimensions of the concrete’s corroded surfaces with various strength grades increase rapidly in the
initial period. However, as the corrosion time progresses, the growth rate of the corroded surface
fractal dimension gradually decelerates and tends towards stability, which accords with the law of
exponential function. The widespread belief is that the higher the strength grade of concrete, the
better its durability; however, this pattern varies in sulfuric acid corrosive environments. Therefore,
based on this research, it is recommended that in extremely acidic environments (i.e., very low pH),
more attention should be paid to high-strength grades of concrete.

Keywords: durability of concrete; sulfuric acid corrosion; grade of strength; fractal characteristics;
mass reduction

1. Introduction

Concrete has the advantages of easy-to-obtain local materials, low cost, flexible formu-
lation, and simple construction, and it has become the most extensively studied and used
civil engineering material [1-7]. However, concrete structures may suffer from various forms
of harsh environmental erosion during their service life, thereby shortening their service
life [8,9]. Metha P. K. [10] pointed out in his report titled “Durability of Concrete—Fifty Years
of Progress?” that the causes of concrete failure are ranked in descending order of impor-
tance: steel corrosion, frost damage in cold climates, and physical and chemical reactions
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in corrosive environments. Concrete is an alkaline material. If it encounters acidic sub-
stances, it will undergo an acid-base neutralization reaction, leading to the decomposition
of alkaline calcium hydroxide and cement hydration products, reducing the strength and
durability of concrete [11]. It is worth noting that sulfuric acid is among the most dangerous
acids acting on concrete materials, as it has a combined effect of acid and sulphate corrosion.
In engineering practice, sulfuric acid environments are often encountered, including acid
rain [12-14], industrial environments, and sewage treatment systems [15-18]. Therefore, re-
search regarding concrete resistance to sulfuric acid corrosion has attracted more and more
attention, and scholars have carried out various explorations. So far, there is no specific
standard to evaluate the sulfuric acid resistance of concrete [19,20]. Due to the convenience
of testing and intuitive description, most scholars measure the visual appearance [21,22],
corrosion depth [23,24], mass loss [25,26], and compressive strength loss [27,28] of concrete
test blocks after sulfuric acid corrosion as important indicators of the degree of corrosion.
However, less attention has been paid to the variation in surface roughness after concrete
corrosion. Multiple studies have shown that surface roughness plays a crucial role in the
performance of numerous civil engineering components. The shear behavior of the inter-
face between soil and concrete materials (such as pile foundations, retaining walls, slope
protection, dams, etc.) is closely related to the roughness of concrete. Surface roughness is
also one of the crucial factors affecting the bonding performance of the interface between
the concrete and the rock [29], as well as the contact surface between precast concrete and
cast-in-place concrete [30-32]. The change in the roughness of concrete pavement caused
by sulfuric-acid-type acid rain can cause driving bumps or slippage [33]. There are several
well-known approaches for assessing the surface roughness of concrete. The first method
is to determine surface roughness by comparing the prepared surface visually with nine
standard concrete surface patterns (CSPs) [34]. Although this approach is efficient and
simple to implement, it only provides a qualitative evaluation and lacks quantitative data.
The second approach is the sand patch test, which usually surrounds the surface of the
specimen with a plastic plate and keeps its top consistent with the highest point of the
joint surface. Then, the investigator spreads standard sand on the concrete’s surface to
evaluate the concrete interface roughness according to the average depth of the sand [35].
However, this method is only applicable to the measurement of horizontal specimens and
only describes the average surface depth of specimens, which cannot accurately describe
the three-dimensional surface topography characteristics of specimens. The third method is
to use a mechanical stylus to evaluate surface roughness under laboratory conditions [36].
However, the accuracy of this method is influenced by factors such as the size of the probe
and its movement speed, and there is a risk of surface damage during the measurement.

With scientific and technological development, 3D laser scanning technology [37,38]
and fractal theory [39-42] are gradually being used more and more in civil engineering
and have achieved more ideal results compared to traditional methods in the evaluation
of concrete roughness. Xiao J. et al. [43—45] utilized 3D laser scanning methodologies to
acquire the surface morphology of concrete material with strength grade C50 after sulfuric
acid corrosion and studied the fractal dimension variation law of the concrete corrosion
surface. However, there are more than ten strength grades of concrete in engineering
practice, and different parts of construction projects require the use of different strength
grades of concrete. Xiao J. et al. did not consider the pattern of surface roughness variation
arising due to different strength grades.

The most significant factor affecting the strength grade of concrete is the ratio of water
to cement. Under the same cement strength and other conditions, as the water-cement
ratio decreases, concrete strength increases, porosity decreases, and corrosion resistance
improves. Therefore, the deterioration law of concrete with different water—cement ratios
(that is, concrete with different strength grades) in a sulfuric acid environment has gained
the interest of numerous researchers. Fattuhi N. L. et al. [46] conducted research on the
influence of the water—cement ratio on the corrosion behavior of cement-based materials
in sulfuric acid solution by utilizing cement paste samples with various water-cement
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ratios of 0.26, 0.3, 0.35, and 0.4. The research results showed that with the increase in the
water—cement ratio, the specimens’ mass loss in sulfuric acid solution decreased. Pavlik
V. [47] investigated the influence of the water-cement ratio (W/C = 0.3~0.6) on the corrosion
behavior of hydrated cement paste in nitric acid and acetic acid solutions, and he found
that as the water—cement ratio decreased, the corrosion rate of cement slurry in acidic
solutions decreased. Kawai K. [48] performed an experiment to understand the influence
of the flow of fluid, the intensity of sulfuric acid solution, and the difference in the water—
cement ratio on the damage to concrete due to sulfuric acid. Hewayde E. et al. [49]
adopted mass reduction in concrete specimens as a measure of concrete degradation to
study the combined effect of wetting—drying cycles and parameters like water-cement
ratio in concrete mixtures on the resistance of concrete to sulfuric acid, and they observed
that as the water—cement ratio decreased, the mass loss of concrete samples exposed to a
pH = 1.5 sulfuric acid solution increased. House M. et al. [50] conducted a study on the
sulfuric acid resistance of concrete with various water-to-cementitious materials ratios by
monitoring for alterations in appearance, dynamic elastic modulus, mass, and cross-section
area. Witkowska-Dobreyv, J. et al. [51] carried out experiments on the response of ordinary
concrete with different water—cement ratios to exposure to 10% acetic acid to study the
mechanisms of acid damage to agricultural concrete tanks. Capraro, A. P. B. et al. [52]
analyzed the influence of water—cement ratios (0.40, 0.50, and 0.65) on exposed concrete in
wastewater treatment plants where microorganisms produced sulfuric acid and caused the
dissolution of the cement paste matrix, and they employed compressive strength, ultrasonic
velocity, electrical insulation, scanning electron microscopy (SEM), and X-ray diffraction
(XRD) to monitor the performance degradation of concrete. Based on the above literature
review, we can see that there is a problem that needs to be addressed. In previous studies
on the impact of sulfuric acid corrosion on the fractal dimension of concrete surfaces, there
has been insufficient attention paid to the degradation patterns of concrete with different
strength grades.

In this paper, three commonly used grades of concrete specimens (C30, C50, and C80)
in terms of compressive strength in engineering practice were exposed to a sulfuric acid
solution with a pH value of approximately 0.85 to carry out accelerated corrosion tests in
order to explore the law of the influence of strength grade on concrete appearance, mass
reduction, and the fractal characteristics of corroded surfaces under sulfuric acid conditions.
The research results are expected to provide a reference for the selection of concrete strength
grades under sulfuric acid conditions.

2. Experimental Design and Evaluation Methods
2.1. Experimental Design

The cement utilized in this project is Portland cement (42.5PIIR), which is manufac-
tured by China Resources Cement Holdings Limited. The density is 3100 kg/m?, the initial
setting duration is 116 min, the final setting duration is 178 min, and the specific surface
area is 340 m?/kg. The coarse aggregate is made of granite gravel with a crushing value of
8%, and the fine aggregate is made of machine-made sand with a fineness modulus of 3.0.
Concrete with a strength grade of C80 is commonly used in concrete pipe piles. Therefore,
the C80 concrete specimens have a mix proportion that is identical to that utilized in a PHC
pipe pile factory located in Guangdong Province, where the specimens were formed and
cured. Concrete with strength grades of C50 and C30 are commonly used in engineering
structures. The specimens of C50 and C30 concrete are poured at a mixing facility located
close to the PHC pipeline plant. Naphthalene-based high-efficiency water-reducing agents
are added to achieve good working performance. The mixture proportions of concrete
specimens with varying strength grades, including C30, C50, and C80, are shown in Table 1.
A high-speed centrifugal compaction process is adopted in the processing of the production
of pipe piles, and a significant amount of residual slurry will be produced during the pipe
piles molding process. The main components of the residual slurry are water, cement,
mineral admixtures, fine sand, admixtures, etc. The residual slurry is made up of approxi-
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mately 70% liquid and 30% solid components. In combination with policy requirements
such as energy conservation and emission reduction, the pipe pile enterprise has mixed
residual slurry into C80 and C50 concrete products after many years of mixture proportions
allocation tests and has realized positive economic and environmental outcomes.

Table 1. Composition ratios of C30, C50 and C80 concretes (kg/m?3).

Strength Mineral Ground . Residual
Grade Cement Fly Ash Powder Sand Sand Gravel Superplasticizer Sturry Water
C30 198 66 66 / 780 1075 10.8 / 155.0
C50 255 / / 135 750 1300 9.5 150 /
C80 255 / / 135 720 1330 9.5 180 /

The coarse aggregate is composed of granite gravel with a continuous gradation of
5-25 mm in size. Table 2 exhibits the particle sieving test of gravel (coarse aggregates)
employed in this mixture. Fine aggregate is composed of machine-made sand with a stone
powder content of 4%. Table 3 exhibits the particle sieving test of machine-made sand (fine
aggregates) employed in this mixture.

Table 2. Sieving test outcomes for granite gravel.

Sieve size (mm) 315 26.5 19.0 16.0 9.5 4.75 2.36 <2.36
Grader retained (%) 0 2.5 18.0 46.7 24.5 5.0 2.8 0.5
Accumulated retained (%) 0 2.5 20.5 67.2 91.7 96.7 99.5 100
Table 3. Sieving test outcomes for machine-made sand.
Sieve size (mm) 4.75 2.36 1.18 0.6 1.3 0.15 <0.15
Grader retained (%) 0 21.6 20.0 16.8 19.6 9.6 12.4
Accumulated retained (%) 0 21.6 41.6 58.4 78.0 87.6 100

Concrete with specified compressive strengths of C30, C50, and C80 is poured using
cylindrical plastic molds with a diameter of 100 mm and a height of 200 mm. To speed up
the corrosion, all samples were submerged in a sulfuric acid solution with a pH value of
approximately 0.85 after 28 days of the curing period. The experimental design outline is
presented in Table 4.

Table 4. Specimens’ organization.

Specimens Concrete Grade  The Value of

Shape Strength pH Quantity Immersion Method
cylinders C30 0.85 12 Total submersion
cylinders C50 0.85 12 Total submersion
cylinders C80 0.85 12 Total submersion

Note: Each group has three identical test specimens, and the experimental result represents the mean value of the
three specimens in the group.

The sulfuric acid corrosion test of concrete was carried out by the complete immersion
method. The cylinder specimen was divided into two layers and completely immersed in
a plastic container containing sulfuric acid solution. The liquid level was 50 mm higher
than the top surface of the cylinder specimen. The top and bottom of the cylinder specimen
were encased in paraffin wax, while its side was left exposed to sulfuric acid, as shown in
Figure 1.



Buildings 2024, 14, 713

50f 17

] 481 L
_Q'_
=t
(o]
o
0o
(=]
[aw]
o |
_.._
=
o
]

(a) front view (b) top view

Figure 1. Specimens positioning for sulfuric acid accelerated corrosion test (mm).

2.2. Test Methodologies
2.2.1. The Calculation Method of Mass Loss

In order to obtain a significant corrosion effect within half a year, the specimens were
completely immersed in a sulfuric acid solution with pH ~ 0.85. The corrosion durations
specified in this paper were 0, 28, 56, and 165 days. During 165 days of immersion periods,
the pH of the solution was measured using a Thunder magnetic PHB-4 portable digital
acidity meter (0.01 accuracy). The pH of the corrosion solution is adjusted daily by using
98% concentrated sulfuric acid to maintain the pH between 0.83 and 0.87. After the daily
addition of concentrated sulfuric acid, the solution is stirred thoroughly with a plastic stick
to minimize acid concentration variations in the container. After immersion, the solution is
removed from the sulfuric acid solution regularly (after 0, 28, 56, and 165 days) and dried
in an oven. An electronic weighing device with a resolution of 1 g and a capacity range of
30 kg are utilized to measure the weight of each specimen before and after corrosion. The
loss in mass of a cylindrical specimen is determined using the following formula:

Kmi = (mi - mo)/mo x 100% (1)

where Ky; is the percentage of mass loss, %, my and m; represent the mass of the cylindrical
specimen before corrosion and after i days of corrosion, respectively, in kg.

2.2.2. The Calculation Method of Surface Fractal Dimensions

With the advancement of science and technology, portable, high-precision, non-contact
3D laser scanning instruments, coupled with powerful algorithms and data processing
software, are becoming increasingly user-friendly and attractive. In this paper, T-SCAN CS,
a portable 3D laser scanner manufactured by Steinbichler, Germany, is used as a means of
extracting the surface topography of sulfuric-acid-etched concrete. The 3D laser instrument
equipment consists of three parts: a spatial positioning receiving system, a computer-
controlled acquisition system, and a handheld laser scanner, as shown in Figure 2. There
are a total of eight antenna devices on the three surfaces of the handheld laser scanner
for transmitting signals. The spatial positioning receiving system can precisely locate
the position of the handheld laser scanner in space by receiving the signals sent by the
handheld laser scanner so that the surface of the measured object can be digitized in the
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spatial coordinate system and the point cloud data can be obtained. During the scanning
process, the scanning results can be displayed in real time on the computer screen, making
the operation very intuitive. The technical specifications of T-SCAN hand-held laser scanner
in this paper are the same as it in the reference paper [17].

Computer || Tracking
- system | system

Figure 2. T-SCAN CS 3D laser scanner.

Before laser scanning testing, the T-SCAN CS equipment is calibrated and validated
to ensure the reliability of the scanner’s effective measurement range and accuracy. The
corrosion products on the corroded surface of the concrete sample produced by sulfuric
acid attack are gently brushed with a soft brush and then placed on the table. A hand-held
laser scanner was used to scan the cylindrical specimen in a circular pattern from top to
bottom at a uniform speed until a complete laser scanning image of the corroded cylinder
specimen was displayed on the acquisition computer screen. As shown in Figure 3, by
comparing the actual morphology of concrete specimens with four different corrosion
days and the three-dimensional geometric model captured by laser scanner, it can be seen
that the laser scanning technology can effectively obtain the corrosion morphology of
concrete specimens.

After the laser scanning of each specimen, the software GOM 2019 Inspect Suite can
export the three-dimensional coordinate measurement points of the corroded surface, and
the exported file can be read into MATLAB for further processing. MATLAB is used to read
the three-dimensional coordinates of the points obtained by laser scanning and then rotate
the cylinder until its axis is basically parallel to the Y-axis. Then, the paraffin wax-coated
part of the cylinder (the top and bottom cylinder faces and the cylinder faces within the
height range of 5 mm near the end faces) is removed, and only the cylinder surface is
retained, as displayed in Figures 4 and 5. Then, the corrosion cylinder surface of about
190 mm in height is unfolded into a rectangle in MATLAB, as shown in Figure 6.
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Figure 4. The reconstructed residual cylindrical surface of the cylinder in MATLAB.

£ N— Near end surfaces

£ <= protected by paraffin wax
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Corroded lateral surface
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£ Near end surfaces
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W
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Figure 5. Removing the end face of a cylinder and leaving a cylindrical surface about 190 mm high.
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Figure 6. Schematic diagram of unfolding a cylindrical surface into a rectangular plane.

A brief introduction on how to use the cube covering technique to determine the
fractal dimension of the unfolded corroded cylindrical surface will be described as follows.
In classical Euclidean geometry, the topological dimensions are all integers, such as dots,
lines, flat surfaces, and volumes with topological dimensions 0, topological dimensions 1,
topological dimensions 2, and topological dimensions 3, respectively. From the perspective
of fractal dimensions, lines are one-dimensional, and planes are two-dimensional. For
curves on a plane, their dimensions should be between 1 and 2, indicating that the properties
of the curve lie between lines and planes, while the dimension of the surface should be
between 2 and 3. This expands the concept of “dimension” from integers to fractions, which
is known as the “fractal dimension”. “How long is the coastline of the British?” The answer
depends on the ruler used. In 1967, Mandelbrot B. B. [53], who pioneered fractal geometry
(where dimensions cannot be integers), proposed this interesting question in the journal
Science. After decades of development, the fractal dimension has proved to be a convenient
and reliable tool for evaluating roughness and the irregularity of surfaces and interfaces,
and much meaningful progress has been made in this field of study. In the past, most of
the methods used to evaluate rough surfaces in fractal dimensions focused on the fractal
description of the profile topography on rough surfaces. However, in reality, the topography
of rough surfaces is usually very complex, which is manifested by the variability, anisotropy,
and local characteristics in spatial distributions. The fractal dimension of a certain section
line or the average fractal dimension of several section lines on a rough surface cannot
describe the topography of the whole surface [54]. The cubic covering technique developed
by Zhou [41] was employed in this article, which can overcome the above shortcomings
to calculate the fractal dimension of corroded rough surfaces. The calculation principle of
the cube coverage method is the same as it is in the reference paper [45] written by our
research group.

3. Experimental Results and Analysis

When the concrete is attacked by sulfuric acid, sulfuric acid will generally react with
the alkaline substances in the concrete as follows [25]:

Ca(OH), + H,SO4 — CaSO, - 2H,0 )

CaSiO; - 2H,0 + HpS04 — CaSO4 + Si(OH), + H,O 3

3Ca0 - Ale3 . 12Hzo + 3(CaSO4 . ZHzo) + 14Hzo — 3Ca0 - Aleg . 3CIZSO4 . 32Hzo (4)
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From the above chemical reaction equation, it can be seen that sulfuric acid not only
corrodes concrete with sulfate ions but also has a dissolving effect caused by hydrogen
ions. After the reaction between concrete and sulfuric acid, the main reaction product
on the surface is gypsum with expansive properties. The further reaction of gypsum in
corrosion products and calcium aluminate phases in the cementitious matrix can form more
expansive ettringite. Gypsum and ettringite can cause tensile stress in concrete, leading
to cracking and peeling. In addition, the generated corrosion products are loose, soft,
non-adhesive, and flesh-like, resulting in the surface of the specimen becoming gelatinous
and softening.

3.1. Visual Appearance

It is generally believed that the change in visual appearance and shape of concrete
cylinder specimens can provide a direct indication of sulfuric acid corrosion severity.
Figure 7 shows photographs of concrete cylindrical specimens of specified strengths (C30,
C50, and C80) being tested for sulfuric acid resistance for 0, 28, 56, and 165 days. From
the photograph, it can be seen that the concrete cylindrical specimens of C80 are severely
degraded, while the concrete cylindrical specimens of C30 appear to be slightly damaged
near the surface and edges of the specimens. When the concrete cylindrical specimen is not
affected by sulfuric acid solution, all specimens with strengths of C30, C50, and C80 have a
gray appearance, and the outside is smooth and flat. In the initial period of immersion, the
surfaces of concrete cylindrical specimens in the sulfuric acid solution begin to be covered
with white sediment. As the corrosion time increases, the sediment thickness increases
and expands until it peels off. Following 28 days of sulfuric acid exposure, the cement
paste on the surface of the concrete with strength grade C80 was gradually dissolved,
and the surface sand was obviously exposed. However, a loose and porous corrosion
layer was deposited on the surface of the concrete with strength grade C50, and just a
very thin layer of white corrosion product crystals was deposited on the surface of the
concrete with strength grade C30. After 165 days of sulfuric acid immersion, the concrete
specimens of specified strengths C30 and C50 were not sufficient for the larger aggregates
to be detached, while concrete specimens with strength grades C80 showed a large coarse
aggregate detachment on the surface. In addition, the cement pastes on the surfaces of C50
and C80 were mainly dissolved and peeled off, and the aggregates were clearly visible,
making the surface very rough and uneven, while the coarse aggregates were still not
visible on the surface of C30 concrete. From the perspective of appearance, in a sulfuric acid
solution with a pH of approximately 0.85, the degree of concrete corrosion deterioration
in descending order is C80 > C50 > C30, indicating that the higher the strength grade of
concrete, the greater the degree of concrete corrosion deterioration.

3.2. Mass Loss

Mass loss is one of the most widely used indexes to evaluate the intensity of concrete
deterioration under sulfuric acid attack because of its convenient testing and simple cal-
culation. Figure 8 demonstrates trend lines of the mass reduction of concrete specimens
with strength grades C30, C50, and C80 exposed to a sulfuric acid solution with a pH of
approximately 0.85 over a period of 165 days. It becomes apparent from Figure 8 that the
percentage of mass reduction of concrete in the initial stage of corrosion is positive, which
indicates that the mass has increased. The reason may be due to the reaction between
hydrogen ions in the acid solution and the surface of the concrete, resulting in the formation
of soluble products and a decrease in mass. However, at the same time, sulfate ions react
with hydration products such as calcium hydroxide and tricalcin aluminate, resulting in
ettringite and gypsum, which fill the pores of the concrete, resulting in an increase in mass.
Moreover, the hydration process of concrete in the acid solution continues, which also
causes the mass increase. Therefore, the initial sulfate ion and hydration effects increase
the mass, and hydrogen ion has a reducing effect on the mass. However, the former has
a more significant impact than the latter. During the later part of corrosion, the mass of



Buildings 2024, 14, 713

10 of 17

C30 concrete specimens kept increasing, whereas the masses of C50 and C80 displayed a
downward trend. However, the C50 concrete specimen always had a higher mass than its
initial weight, whereas the C80 concrete specimen experienced rapid mass loss. At the end
of 165 days of sulfuric acid exposure, the C80 concrete specimen had a —5.07% loss in mass.
Since the porosity of the C30 specimen is comparatively large, the corrosion products that
have formed are not yet numerous enough to cause cracks and spalling in the concrete.
So, the mass of the C30 concrete specimen is still increasing in the late stage. However,
the weights of the C50 and C80 concrete specimens experience a decrease as the corrosion
products accumulate to a certain degree because the expansion of the degradation products
can cause cracking and damage to the concrete, and eventually the degraded concrete will
flake off and cause a reduction in mass. From the comparison of the curves in Figure 8, it
can be seen that in a sulfuric acid environment with a pH of approximately 0.85, the order
of concrete mass loss from high to low is C80 > C50 > C30, indicating that with higher
strength grades of concrete, there is a corresponding increase in concrete mass loss.

Corrosion time
Odays 28day S6days 165days

et

C80

C30

C30

Figure 7. Contrast in the visual appearance of C30, C50, and C80 concrete specimens prior to and
following sulfuric acid exposure.

3.3. Fractal Dimension

Taking the concrete cylindrical specimens with a strength grade of C80 and immersed
in a sulfuric acid solution with a pH ~ 0.85 at 0 days, 28 days, 56 days, and 165 days as
an example, according to the method described in Section 2.2.2, the three-dimensional
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coordinates of the points on the corroded surface of concrete obtained by three-dimensional
laser scanning are read into MATLAB 2013 software. The two end faces of the cylinder
are removed, and only the cylindrical surface is retained. Then, the cylinder surface is

expanded into a rectangular surface, as shown in Figure 9.
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Figure 8. The extent of mass loss changes as the corrosion progresses.
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Figure 9. Reconstruction of 190 mm corrosion surface with different corrosion durations in MATLAB.
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According to the calculation method of fractal dimensions described in Section 2.2.2, a
data processing program was written with MATLAB to calculate the number of 6 x & cubes
N() required for each concrete cylinder specimen to cover the rough corrosion surface at
different scales 6. Taking the concrete cylindrical specimens with a strength grade of C80
and immersed in a sulfuric acid solution with a pH ~ 0.85 at 0 days, 28 days, 56 days, and
165 days as an example, the calculated results  and N(9) are listed in Table 5. It can be seen
from the table that as the side length & of the cubes decreases, the total number of cubes
N(8) required to cover the corroded rough surface increases. Moreover, when the same side
length b of the cubes is taken, as the corrosion time increases, more cubes N(9) are needed
to cover the corroded rough surface, and as the side length 6 of the cube decreases, the
corrosion becomes more obvious.

Table 5. Calculation results of 6 and N() of the first specimen in each group of concrete with strength
grade C80.

Corrosion Duration of Concrete with Strength Grade C80

0 Days 28 Days 56 Days 165 Days

8/mm N(8) §/mm N(8) 8/mm N(8) 8/mm N(8)
2.029 7315 2.011 7301 2.021 7539 1.992 9252
1.004 30,034 0.995 30,623 1.001 36,258 0.986 52,066
0.500 123,372 0.495 147,199 0.498 200,385 0.491 313,535
0.249 506,284 0.247 733,036 0.248 1,059,127 0.245 1,676,567
0.166 1,151,197 0.165 1,795,356 0.165 2,639,044 0.163 4,162,279
0.124 2,061,757 0.123 3,348,331 0.124 4,919,066 0.122 7,742,994
0.100 3,239,310 0.099 5,372,695 0.099 7,916,343 0.098 12,404,301
0.071 6,419,629 0.070 10,863,557 0.071 16,005,575 0.070 25,032,171
0.050 13,239,316 0.049 22,714,698 0.050 33,443,633 0.049 52,093,475

Then, the data are plotted on a log-log coordinate graph (see Figure 10). All the data
are almost on the same straight line, and there is a high linear correlation between In [N(5)]
and In(8). It basically follows the function In [N(8)] = —D x In(8) + C, where D is the
fractal dimension of the required rough corrosion surface, and C is the fitting parameter.
According to this method, the fractal dimension D of the corrosion surface of all concrete
specimens with strength grades of C30, C50, and C80 was obtained, as shown in Table 6.

Table 6. The fractal dimension D values of different strengths of concrete at different ages (pH ~ 0.85).

Corrosion Duration

Strength Grade
0 Days 28 Days 56 Days 165 Days
C30 2.0252 2.0535 2.1533 2.1368
C50 2.0463 2.1210 2.2707 2.2875
C80 2.0237 2.19744 2.2792 2.3308

Note: The test results were the average value of the test results of each test group including three specimens.

The relationship between the fractal dimension of the corrosion surfaces with strength
grades of C30, C50, and C80 in Table 6 and the corrosion time is plotted in Figure 11.

From Figure 11, it can be seen that the fractal dimension of the corroded surface
increased rapidly in the early stage, but as the corrosion time extended, the growth rate
of the fractal dimension of the corroded surface gradually slowed down and tended to
stabilize. This is due to the fact that at the beginning of the corrosion, the cement paste
matrix reacted with sulfuric acid and was dissolved to result in the appearance of fine sand
grains, which made the fractal dimension D increase rapidly as corrosion time increased.
At the later stage of corrosion, on one hand, the dissolution of cement paste increased the
pit depth, exposed the aggregates, and increased the fractal dimension D. On the other
hand, the debonding of aggregates from the paste would decrease the fractal dimension D.
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In[N(3)]

In[N(8)]

Under the combined effects of these two actions, the fractal dimension D of the corroded
surface grew gradually slower and more stable. From Figure 11, it can be seen that as
the corrosion age increases, the fractal dimension D of each strength shows an upward
trend before corrosion for 56 days. Moreover, under the same pH solution, the higher the
strength grade, the faster the fractal dimension D increases, indicating that the more surface
products are generated, the more severe the corrosion is. After 56 days of corrosion, the D
value of the C30 specimen showed a decrease due to the gypsum generated in the early
stage adhering to the surface of the specimen. As the corrosion continued, the degree of
corrosion became more and more severe, and the corrosion layer became thicker. When
the corrosion reached a certain degree, the products raised in the outermost layer began to
peel off, leading to a certain decrease in roughness, but the overall surface was smoother,
and the degree of corrosion was lower. The C50 and C80 specimens continued to increase
in fractal dimension, and the higher the strength level, the more the fractal dimension
increased, indicating that the higher the strength, the rougher the surface and the more
severe the corrosion in pH = 0.85 solution.

18 18
= Corrosion 0 days i = Corrosion 28 days
16 + In[N(8)]=—2.02496x1n(5)+10.3221 16 | In[N(8)]=—2.1923xIn(8)+10.3942
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Figure 10. Reconstruction of 190 mm corrosion surface of C80 with different corrosion durations in
MATLAB.

According to the trend of the fractal dimension of the corroded surface and the
corrosion time, the power function, which is widely used to describe corrosion evolution,
was chosen to fit the data points in Figure 11. The fitting curve equations between the
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fractal dimension D of the sulfuric acid corrosion surface of concrete with strength grades
of C30, C50, and C80 and the corrosion time t are as follows:

Deso(t) = 1.95 x (t47.20)"9', Adj.R* = 0.73 (5)
Deso(t) = 1.87 x (£ 4 8.80)"94% Adj.R? = 0.87 (6)
Deso(t) = 1.98 x (£ 41.96)"%%, Adj.R* = 0.99 7)

where D30 (), Deso(t), and Dego(t) are the fractal dimensions of the corrosion surface
of concrete with strength grades of C30, C50, and C80 at t days, respectively, and t is
the number of corrosion days. It can be seen from the above fitting formulae that the
exponents of the power functions of the three fitting formulas are 0.0173, 0.0404, and 0.0325,
respectively, all of which are less than 1.0. This indicates that the surface fractal dimension
D is positively correlated with the corrosion time t and increases rapidly in the early stage,
but the growth rate gradually decreases and tends to be stable in the later stage. As can be
seen from Figure 12, the experimental data points and fitting curves are in good agreement,
and the goodness of fit is 0.73, 0.87, and 0.99, respectively.

2.4
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—s— C50
n23r —— (80
=
.
w
522}
=
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Soaat
£
&
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0 30 60 90 120 150 180
Corrosion time/days

Figure 11. The variation curve of fractal dimension D with values of different concrete strengths with
corrosion time.
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Figure 12. The fitting relationship between fractal dimension D and corrosion time (pH ~ 0.85).

4. Conclusions

(1) Although previous studies have focused on the performance of concrete exposed
to sulfuric acid corrosion under different water—cement ratios, usually using indi-
cators such as corrosion depth, quality loss, and compressive strength to evaluate
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the resistance of concrete to sulfuric acid corrosion, the 3D fractal dimension in this
paper provides a new method for characterizing the surface roughness of concrete
specimens subjected to sulfuric acid corrosion through laser scanning technology.

(2) From the perspective of appearance, in a sulfuric acid environment with pH ~ 0.85,
the degree of concrete corrosion deterioration in descending order is C80 > C50 > C30,
indicating that the higher the strength grade of concrete, the greater the degree of
concrete corrosion deterioration.

(8) From the perspective of mass loss, in a sulfuric acid environment with pH =~ 0.85, the
order of concrete mass loss from high to low is C80 > C50 > C30, indicating that the
higher the strength grade of concrete, the greater the quality loss of concrete.

(4) The fractal dimension D of each strength shows an upward trend before corrosion for
56 days. Moreover, under the same pH solution, the higher the strength grade, the
faster the fractal dimension D increases, indicating that the more surface products are
generated, the more severe the corrosion is.

(5) The widespread belief is that the higher the strength grade of concrete, the better its
durability. However, the durability varies in sulfuric acid corrosive environments.
Therefore, based on the above research, it is recommended that in extremely acidic
environments (i.e., very low pH), more attention should be paid to high-strength
grades of concrete. In our future work, we plan to further investigate the impact of
commonly encountered low-concentration sulfuric acid in practical engineering on the
performance degradation of concrete with different strength grades and analyze the
mechanism of how the concentration of sulfuric acid affects the experimental results.
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