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Abstract: When exposed to sulfuric acid environments, the service life of concrete structures would be
reduced due to the high alkalinity of concrete. The influence of three factors including water/cement
ratio, the pH value of the solution, and the chemical composition of the aggregate on the resistance
of concrete subjected to sulfuric acid has been widely investigated by previous researchers. This
paper aims to investigate the influence of these three factors on the durability evaluation indicators
including mass loss and surface fractal dimension through orthogonal experiments, which has been
reported rarely in previous research. Four combinations of coarse and fine aggregate including gravel
and river sand, gravel and crushed marble sand, crushed marble stone and river sand, and crushed
marble stone and marble sand were adopted, and three water/cement ratios including 0.35, 0.45,
and 0.55 were selected, and the sulfuric acid solution pH values 0.95, 2, and 4 were chosen in this
paper. The results showed that the larger the water/cement ratio, the smaller the mass loss and the
surface fractal dimension of the specimens, and with the decrease of the pH value of the sulfuric
acid solution, the mass loss and the surface fractal dimension of the specimens would be increased.
The concrete specimen containing gravel and river sand had the greatest surface fractal dimension
and greatest mass loss, while the concrete specimen containing crushed marble sand had a smaller
surface fractal dimension and a smaller mass loss. The dominant and secondary order of three factors
on mass loss and surface fractal dimension of concrete subjected to sulfuric acid was the pH value of
the solution > the chemical composition of the aggregate > the water/cement ratio.

Keywords: concrete corrosion; sulfuric acid attack; fractal dimension; mass loss; orthogonal experi-
mental design

1. Introduction

Concrete has become the most widely used material in the world due to the wide
availability of resources of concrete components, the low cost for construction, the con-
venience for molding, and if properly used, concrete structures are usually designed and
built for a minimum period of 50 years [1-8]. Due to the high alkalinity of concrete, the
service life of concrete structures would be reduced when exposed to acidic environments.
Sometimes, the concrete structures were damaged only in a few years due to acid attacks.
The effect of different acids on concrete corrosion depends on the solubility of calcium salts
of some acid [9]. Sulfuric acid was the most aggressive mineral acid found in the natural
environment [10], which mainly generated in the following three ways: (1) The sulfuric
acid could be produced by the oxidation of pyrite, and pyrite was the most abundant
and widely distributed of the earth’s sulfide minerals [11]. (2) In concrete sewer pipes,
sulfur-containing compounds could be decomposed under the action of bacterial activity
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that eventually produces sulfuric acid [10,12]. (3) Sulfuric acid, which could be formed by
the oxidation of sulfur oxides produced by automobiles and industrial production activities,
was a major component of acid rain in most parts of the world [12]. The deterioration
of concrete subjected to sulfuric acid resulted in significant environmental problems and
economic losses of billions of dollars annually. The cost of replacing and repairing corroded
concrete sewer pipes each year in the UK and Germany was USD 130 million and USD
120 million, respectively [13]. Many irreplaceable structures (such as Emei Mountain—
Leshan Grand Buddha and the Statue of Liberty in the United States) have been severely
damaged by acid rain in the past decades, and the direct material loss caused by acid rain
in China in 1999 alone was reported to be approximately three billion Chinese yuan [14,15].
Therefore, the sulfuric acid corrosion of concrete has attracted a great deal of attention from
researchers all over the world. The factors affecting the sulfuric corrosion of concrete can
be roughly divided into two categories: (1) internal factors such as cement type, supple-
mentary cementitious materials, water/cement ratio, aggregate, and so on, and (2) external
factors such as the pH value of the solution, temperature, the stress state of concrete, and
so on. Among them, the factors including water/cement ratio, the pH value of the solution,
and the chemical composition of the aggregate were investigated widely by researchers.
It was generally believed in the literature that the water /cement ratio was the largest factor
controlling the mechanical properties of concrete as well as its durability. Fattuhi N. I. [16]
investigated the influence of the water/cement ratio of concrete cubes on the sulfuric acid
resistance. The results showed that the loss in weight for cubes made from concrete with
high water/cement ratios was lower than that for cubes made with lower water/cement
ratios. Hewayde E. [17] immersed concrete specimens with three water/cement ratios of
0.25, 0.35, and 0.5 in sulfuric acid solutions with pH values of 0.3, 0.6, and 1.0 for 8 weeks.
They found that the mass loss of concrete specimens decreased as the water/cement ratio
increased. Kawai [18] found that the erosion depth of concrete with a high water/cement
ratio, which had a higher capacity to absorb the expansion of the production reaction of
gypsum, was larger than that with a low water/cement ratio. In terms of mix proportion
of concrete, aggregate was the most primary constituent material of concrete. Among
them, coarse aggregate accounts for about 50% of the total weight of concrete, and the
fine material accounts for 25% of the total weight of concrete. Therefore, the effect of
aggregate chemical composition on concrete sulfuric acid resistance was considered by
some researchers. The aggregate could be divided into calcareous aggregate and siliceous
aggregate, according to their chemical composition. The calcareous aggregate was mainly
composed of calcium carbonate, which was more vulnerable to acid attack. However, the
siliceous aggregate was mainly composed of silicon dioxide, which was more resistant
to acid attack. It was reported that the service life of sewer pipes containing limestone
aggregates was longer than that containing siliceous aggregates by 3-5 times in South
Africa [19]. Hughes [20] found that the surface appearance and weight loss of concrete
with limestone aggregate and siliceous aggregate were different. However, just three types
of concrete cubes with different combinations of coarse and fine aggregates were compared
without the concrete cubes with siliceous coarse aggregate and limestone fine aggregate.
Belie [21] studied the influence of aggregate type, production method, and cement type on
the corrosion of different types of concrete sewer pipes and they found that the aggregate
type had the largest effect on degradation in both chemical and microbiological experi-
ments. Sulfuric acid was a strong mineral acid, and the pH value could reflect the actual
concentration of its acidic solution. Allahverdi [22] proposed that except for the properties
of the concrete, the concentration of the attacking acid also influenced the extent of the
attack. Hewayde [17] found out that the concentration of sulfuric acid played the most
important role in determining the degradation amount and rate of concrete under sulfuric
acid exposure, and the mass loss of concrete specimens increased as the concentration
of the sulfuric acid increased. Quantitative evaluation of the deterioration degree is a
basic and vital challenge in concrete corrosion research. Taheri [10] adopted compressive
strength, scanning electron microscopy, micro-X-ray fluorescence spectrometry, and the
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Vickers hardness test to characterize the physicochemical changes of mortar and concrete
corroded by the sulfuric acid. Mass loss and surface fractal dimension were considered
to be good indicators due to simple, quick, and non-destructive characteristics [23-27].
Changes in concrete surface roughness caused by sulfuric acid can cause some effects to
concrete components. In sewer pipe systems, a rough surface is more conducive to the
host of sulfide oxidizing bacteria, which convert more sulfur-containing compounds into
sulfuric acid, leading to severe acid corrosion. Compared with the traditional roughness
evaluation parameters, the fractal dimension, which is invariant in length scales, was an
intrinsic property and could be a better choice for surface characterization [28]. In this
paper, the influence degree order of three factors including water/cement ratio, coarse and
fine aggregate combination, and the pH value of the solution on the durability evaluation
indicators including mass loss and surface fractal dimension were investigated by a dummy
factor orthogonal test method, which has been reported rarely in previous research.

2. Experimental Methods
2.1. Materials

Normal Portland cement (P-II 52.5 R) with a compressive strength of 55.3 MPa at
28 days of curing was used. The crushed gravel had sizes of 5-25 mm and an apparent
density of 2644 kg/m?>. The ordinary river sand had a fineness modulus of 2.61 and an
apparent density of 2540 kg/m?3. The particle size distribution of the crushed gravel and the
river sand is shown in Figures 1 and 2, respectively. The river sand was mainly composed
of silicon dioxide (88.54% in Limbachiya M.’s paper [29] and 78.56% in Ning Y.’s paper [30]).
The chemical composition of the gravel was detected by an X-ray fluorescence (XRF) test,
as shown in Table 1. It can be seen that the gravel mainly contains silicon dioxide. Thus,
the gravel and river sand were used as fine and coarse siliceous aggregates. The cement,
ordinary river sand, and crushed gravel were obtained from a local pipe pile corporation
at Suzhou in China.

120
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—e— accumulated retained percentage
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Figure 1. The grader retained percentage and accumulated retained percentage of crushed gravel.

A block of natural marble rock about 1 m?® (as shown in Figure 3) was cut into 5 pieces
by a special saw (as shown in Figure 4) and then these pieces were knocked into fist-sized
stone by manual hammer and then these stones were crushed into marble particles by a
crusher. These particles were divided into 9 groups using a sieve shaker sized 0.15-0.3 mm,
0.3-0.6 mm, 0.6-1.18 mm, 1.18-2.36 mm, 2.36—4.75 mm, 4.75-9.5 mm, 9.5-16 mm, 16-19 mm,
19-26.5 mm (as shown in Figure 5). The marble stone and marble sand were used as fine
and coarse calcareous aggregates because the main composition of the marble was calcium
oxide, as shown in Table 1. With the intention of making the particle size distribution of
marble stone and gravel the same, the marble stone mass percentage of 2.36-4.75 mm,
4.75-9.5 mm, 9.5-16 mm, 16-19 mm, 19-26.5 mm was 4%, 19%, 30%, 22%, 25%, respectively
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(data from Figure 1). In order to make the particle size distribution of marble sand and
river sand the same, the marble sand mass percentage of 0.15-0.3 mm, 0.3-0.6 mm, 0.6-1.18
mm, 1.18-2.36mm, 2.36—4.75mm, 4.75-9.5 mm was 9.2%, 44.4%, 17.8%, 10.2%, 10.8%, 5.6%,
respectively (data from Figure 2).
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—e— accumulated retained percentage
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Figure 2. The grader retained percentage and accumulated retained percentage of river sand.

Table 1. Chemical composition of two types of aggregate (% by mass).

Constituents SiO, Al,O3 Fe;O3 MgO CaO Na,O K,O P,05 CO,
Gravel 59.323 14923 4.089 1.134 3.487 4449 3914 nd 7.831
River sand [30] 82.618 6.634 0418 1.181 0.306 0.392 0473 0.183 295
Marble nd nd 0.028 nd 56.636 0.002 0.008 0.034 44.134

Note: nd means content is lower than the limit of detection.

A block of natural
marble rock

Figure 3. The block of natural marble rock about 1 m3.
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Crusher

Sieve shaker

9 groups of
particles

Fist-sized stone

Figure 5. The process of marble particles being divided into 9 groups.

2.2. Mix Proportion Design

In this paper, four combinations of coarse and fine aggregate including gravel and
river sand, gravel and crushed marble sand, crushed marble stone and river sand, and
crushed marble stone and marble sand were adopted, and these four combinations of
coarse and fine aggregate were, respectively, denoted by the symbols C1F1, C1F2, C2F1,
and C2F2. At the same time, three water/cement ratios including 0.35, 0.45, and 0.55 were
adopted and these three water/cement ratios were, respectively, denoted with the symbols
W3, W4, and W5. For example, the symbol C2F1W5 denoted that the coarse and fine
aggregate of the specimens were crushed marble stone and river sand, respectively, and
the water/cement ratio was 0.55. Thus, there were twelve types of specimens cast in this
paper and the mix proportions of them are shown in Table 2.
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Table 2. Mix proportions for concrete specimens (kg/m?).
. Water/Cement Fine Coarse
Specimen No. Ratio Water Cement Aggregate Aggregate
C1F1W3 0.35 205 586 432 1169
C1F2W3 0.35 205 586 425 1149
C2F1W3 0.35 205 586 413 1116
C2F2W3 0.35 205 586 417 1127
C1F1W4 0.45 205 456 516 1149
C1F2W4 0.45 205 456 522 1162
C2F1W4 0.45 205 456 507 1129
C2F2W4 0.45 205 456 513 1141
C1F1W5 0.55 205 373 593 1151
C1F2W5 0.55 205 373 597 1158
C2F1W5 0.55 205 373 579 1125
C2F2W5 0.55 205 373 586 1138

Note: W3 = 0.35, W4 = 0.45, W = 0.55, C1F1 = gravel and river sand, C1F2 = gravel and crushed marble sand,
C2F1 = crushed marble stone and river sand, C2F2 = crushed marble stone and marble sand.

2.3. Orthogonal Test Design

The orthogonal test, which is based on the statistics and orthogonal theory principle,
is usually used to carry out multi-factor tests. Typical and representative sample tests
were selected from the complete sample tests to analyze the relationship among the factors
and the experimental results [31]. The design of the orthogonal test was based on the
orthogonal table. The orthogonal table was usually expressed with Ln(r™), in which the
letter L represented the orthogonal table, and n represented the number of rows which
stood for the number of tests needed to be undertaken, and m represented the number
of columns which stood for the maximum number of factors to be considered, and r
represented the number of factor level, which stood for the value of each factor. In this
paper, experimental factors to be considered were water/cement ratio, coarse and fine
aggregate combination, and the pH value of the solution. Four combinations of coarse
and fine aggregate, three water/cement ratios, and three pH values of the solution were
adopted in this experiment. It meant that in this experiment case, one factor was varied
at four levels and two other factors were varied at three levels. With the intention of
accommodating both four-level and three-level factors in an orthogonal design, a special
design technique called “dummy treatment” of factors was used [32]. Dummy treatment
accommodated two three-level factors in a basic four-level orthogonal array by using
only three of the possible levels for the factor and simplified repeating one level from the
previous three levels for the indicated fourth level. Any one of the three levels for the
factor could be repeated, so whichever was easiest, cheapest, or made more sense should
be repeated. A four-level array L16 was modified to include two three-level factors using
dummy treatment as shown in Table 3. According to the orthogonal tables, the L14(4%)
orthogonal table was applied in this paper as shown in Table 4. Three repetitions were
used for each row.

Table 3. Factors and levels table of the orthogonal experiment design.

Factors F'actor. Level
Designation  yoye].1 Level-2 Level-3 Level-4
Water/cement ratio A 0.35 0.45 0.45* 0.55
The pH value of the solution B 0.95 0.95* 2 4
Coarse and fine aggregate C C1F1 CIE2 C2F1 CoF2

combination

Note: * = dummy treated, C1F1 = gravel and river sand, C1F2 = gravel and crushed marble sand, C2F1 = crushed
marble stone and river sand, C2F2 = crushed marble stone and marble sand.
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Table 4. L1 dummy level orthogonal experimental design.
Factor A Factor B Factor C
Trial No. Water/Cement Ratio 1€ PH Value of Coarse and Fine Aggregate
the Solution Combination

1 1(0.35) 1(0.95) 1(C1F1)
2 1(0.35) 2(0.95 *) 2(C1F2)
3 1(0.35) 3(2) 3(C2F1)
4 1(0.35) 4(4) 4(C2F2)
5 2(0.45) 1(0.95) 2(C1F2)
6 2(0.45) 2(0.95 *) 1(C1F1)
7 2(0.45) 3(2) 4(C2F2)
8 2(0.45) 4(4) 3(C2F1)
9 3(0.45) 1(0.95) 3(C2F1)
10 3(0.45) 2(0.95 *) 4(C2F2)
11 3(0.45) 3(2) 1(C1F1)
12 3(0.45) 4(4) 2(C1F2)
13 4(0.55) 1(0.95) 4(C2F2)
14 4(0.55) 2(0.95 *) 3(C2F1)
15 4(0.55) 3(2) 2(C1F2)
16 4(0.55) 4(4) 1(C1F1)

Note: * = dummy treated, C1F1 = gravel and river sand, C1F2 = gravel and crushed marble sand, C2F1 = crushed
marble stone and river sand, C2F2 = crushed marble stone and marble sand.

2.4. Specimens Preparation and Sulfuric Acid Immersion Arrangement

The concrete specimens were cast with cylinder steel molds of 100 mm in diameter
and 200 mm in height, and the reason why the concrete was cast into such a size cylinder
can be seen in the literature [12]. The methods of mixing, pouring, and curing were also
the same as those in the literature [12]. Each group consisted of three specimens. A total
of 84 concrete specimens were cast in this experiment, of which 48 concrete specimens
were corroded in the sulfuric acid solution for 93 d, as shown in Table 5. The remaining
36 concrete specimens were not being corroded. According to the arrangement in Table 4,
48 concrete specimens were fully immersed in 4 plastic vessels containing aggressive
sulfuric acid solution after 28 d of curing and 12 specimens were placed in each plastic
vessel as shown in Figure 6. The sulfuric acid solution pH value in the two plastic vessels
was 0.95, and the sulfuric acid solution pH values in the other two plastic vessels were 2
and 4, respectively. Concentrated sulfuric acid (98% by weight) was added every day to
maintain the pH value fluctuating within the set value (0.95, 2, 4).

Table 5. The mix proportion information of the total 84 concrete specimens.

Coarse and Fine Aggregate

Specimens Amount

Specimen No. Combination Water/Cement Ratio Uncorroded Corroded for 93 Days
C1F1W3 C1F1 0.35 3 3
C1F2W3 C1F2 0.35 3 3
C2F1W3 C2F1 0.35 3 3
C2F2W3 C2F2 0.35 3 3
C1F1W4 C1F1 0.45 3 6
C1F2W4 C1F2 0.45 3 6
C2F1W4 C2F1 0.45 3 6
C2F2W4 C2F2 0.45 3 6
C1F1W5 C1F1 0.55 3 3
C1F2W5 C1F2 0.55 3 3
C2F1W5 C2F1 0.55 3 3
C2F2W5 C2F2 0.55 3 3
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Figure 6. Specimen arrangement in each plastic vessel (mm).

2.5. The Calculation Method of Surface Fractal Dimensions

In recent years, the fractal theory has been widely used in the study of cementitious
materials [33-37]. The steps to obtain the surface fractal dimension of cylinder concrete
specimens subjected to sulfuric acid were the same as in [28], from which the detailed
procedures could be obtained. The steps to obtain the fractal dimension were briefly
described below. As shown in Figure 7, there were four steps. Step 1: Obtain the 3D
coordinates of each point (i.e., point cloud) on the surface of the uncorroded and corroded
concrete with a portable 3D laser scanner (T-SCAN CS manufactured by Steinbichler,
Munich, Germany). Step 2: In MATLAB software (Matlab 2013b), delete the points on the
two end surfaces and the 5 mm length lateral surface near the ends of each cylinder due to
the protection by paraffin wax and unfold the sides of the cylinder into a rectangle. Step 3:
Display the expanded rectangle in MATLAB software. Step 4: Adopt the cubic covering
method proposed by Zhou and Xie [38] to calculate the uncorroded and corroded surface
fractal dimension. In this paper, the T-SCAN hand-held laser scanner technical data are
listed in Table 1 and this commercial laser scanner, after verification by using a precision
sphere (® = 50mm) at 2.5, 4.0, and 5.5 m distance, exhibited maximum deviation of 40 um.

2.6. The Calculation Method of Mass Loss

A digital balance (0-30 kg range and 1 g precision) was adopted to measure the mass
of concrete specimens. The mass loss w for specimens could be expressed as follows:

w = (mg —m;)/mg x 100% (1)

where w was the mass loss at day i. The m( was the initial mass before sulfuric acid
corrosion. The m; was the mass after day 7 exposure to sulfuric acid.
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~__ A"

300

Figure 7. Four steps to obtain the fractal dimension of cylinder concrete specimens.

3. Experimental Results

The appearances of the uncorroded specimens and that of the specimens by sulfuric
acid solution with different pH values for 93 d are shown in Figure 8.

It can be seen in Figure 8 that the surface of the uncorroded specimens was flat and
smooth, and the color of the surface of the specimens subjected to pH = 4 sulfuric acid
solution was light brown, and the surface of the specimens subjected to pH = 2 sulfuric acid
solution was coated with a thin layer of corrosion products, and the corrosion products
on the surface of the specimens subjected to pH = 0.95 sulfuric acid solution became thick
and fell off gradually. In MATLAB software, the expanded rectangle of the uncorroded
specimen and the 16 test specimens listed in Table 4 are shown in Figure 9. The surface
fractal dimensions of the uncorroded specimen and the 16 test specimens listed in Table 4
were calculated using the calculation method mentioned in Section 2.5.
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Figure 9. The expanded rectangle of the specimens displayed in MATLAB software.

In this study, 16 sets of experiments were performed, with three repetitions for each
test. The orthogonal experimental results of the mass loss and surface fractal dimension of
the concrete specimens are listed in Table 6. It was obvious from Table 6 that the largest mass
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loss and surface fractal dimension of the corroded specimen was immersed in pH ~ 0.95
sulfuric acid solution and was cast with gravel and river sand with a 0.35 water/cement
ratio. The largest mass loss and surface fractal dimension of the corroded specimen was
immersed in pH ~ 0.95 sulfuric acid solution and was cast with gravel and river sand with
a 0.35 water/cement ratio. The least corroded specimen was immersed in pH = 4 sulfuric
acid solution and was cast with gravel and river sand with a 0.55 water/cement ratio

Table 6. Results of the mass loss and surface fractal dimension of the concrete specimens.

Factor A Factor B Factor C Evaluation Indicators
Trial No. Water/Cement The pH Value of  Coarse and Fine Aggregate Mass Loss/% Surface Fractal
Ratio the Solution Combination ass Lossive Dimension
1 1(0.35) 1(0.95) 1(C1F1) —9.876 2.1705
2 1(0.35) 2(0.95%) 2(C1F2) —7.150 2.0932
3 1(0.35) 3(2) 3(C2F1) 0.095 2.0321
4 1(0.35) 4(4) 4(C2F2) 0.481 2.0058
5 2(0.45) 1(0.95) 2(C1F2) —4.458 2.0739
6 2(0.45) 2(0.95%) 1(C1F1) —9.141 2.1330
7 2(0.45) 3(2) 4(C2F2) —0.609 2.0036
8 2(0.45) 4(4) 3(C2F1) 0.019 2.0059
9 3(0.45) 1(0.95) 3(C2F1) —8.898 2.1634
10 3(0.45) 2(0.95%) 4(C2F2) —6.437 2.0727
11 3(0.45) 3(2) 1(C1F1) —0.834 2.0389
12 3(0.45) 4(4) 2(C1F2) —0.161 2.0040
13 4(0.55) 1(0.95) 4(C2F2) —4.830 2.0936
14 4(0.55) 2(0.95%) 3(C2F1) —6.287 2.1052
15 4(0.55) 3(2) 2(C1F2) —0.42 2.0072
16 4(0.55) 4(4) 1(C1F1) 1.051 2.0037

Note: * = dummy treated, C1F1 = gravel and river sand, C1F2 = gravel and crushed marble sand, C2F1 = crushed marble stone and river
sand, C2F2 = crushed marble stone and marble sand.

Range analysis was often utilized to study the results of orthogonal experiments.
Range analysis is a statistical method to determine the primary and secondary effects
of all factors on the evaluation indicators. Range was usually denoted by R and was
defined as the difference between the extreme value of the data. If the R value was larger,
it indicated that the influence degree of the corresponding factor x was greater to the
evaluation indicator. Range analysis could be carried out with the equations listed below.

kxm = Kym/m )
Rox = max(ky1, ..., kxm); Rix = min(ky1, ..., kym) (3)
R = ROx - Rlx (4)

where Ky, and ky;;,, respectively, represented the total value and the average value of the
experimental results which contain the factor x with m level. The range analysis results
of mass loss and surface fractal dimension of the concrete specimens are shown in Table
7. If the R value was larger, it indicated that the influence degree of the corresponding
factor x was greater to the evaluation indicator. Based on the R value in Table 7, the degree
of effect of the pH value of the solution (factor B) on mass loss was the largest, while the
water/cement ratio (factor A) had the least impact on mass loss. The degree of effect of the
pH value of the solution (factor B) on surface fractal dimension was the largest, while the
water/cement ratio (factor A) had the least impact on surface fractal dimension.

Trend charts of each factor for the mass loss and surface fractal dimension were,
respectively, shown in Figures 10 and 11 according to the principle of range analysis. It can
be seen in Figure 10 that increasing the water/cement ratio could decrease the mass loss
of the specimens, and with the decrease of the pH value of the sulfuric acid solution,
the mass loss of the specimens would increase. The concrete specimen containing gravel
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and river sand (C1F1) had suffered the greatest mass loss, while the concrete specimen
containing crushed marble sand had suffered less mass loss. As shown in Figure 11, the
larger the water/cement ratio, the smaller the surface fractal dimension, and with the
decrease of the pH value of the sulfuric acid solution, the surface fractal dimension of the
specimens would increase. The concrete specimen containing gravel and river sand (C1F1)
had the greatest surface fractal dimension, while the concrete specimen containing crushed
marble sand had a smaller surface fractal dimension. This may be attributed to the higher
water/cement ratio having a more open pore structure, which creates more places for a
greater quantity of corrosion products to be formed and leads to an increase in mass and
a decrease in surface fractal dimension. The lower the pH of the sulfuric acid solution,
the larger the concentration of the aggressive ions, the faster the chemical reaction rate,
the more dissolved cement slurries, the greater the mass loss. Because concrete specimens
contain siliceous aggregates (gravel and river sand), only cement hydration products react
with acid and the effect of the ability of neutralization during the acid attack would be
very limited. Meanwhile, crushed marble stone and crushed marble sand are generally
composed of calcium carbonate, which would react with acid. Therefore, the concrete
specimens containing the marble stone and marble sand would have a greater ability to
neutralize acid and lower the acid corrosion rate.

Table 7. The range analysis on mass loss and surface fractal dimension of the concrete specimens.

Mass Loss Surface Fractal Dimension
Factors
Factor A Factor B Factor C Factor A Factor B Factor C

Ky —16.448 —28.062 18.800 8.302 8.501 8.348
Ky —14.188 —29.016 12.188 8.216 8.404 8.178
Kys —16.332 —1.768 15.072 8.279 8.082 8.308
Ky —10.488 1.388 11.396 8.208 8.019 8.176
ky1 —4.112 —7.1345 # —4.700 2.075 2113 # 2.087
ko —3.815* * —3.047 2.062 * * 2.045
ky3 * —0.442 —3.768 * 2.020 2.077
kya —2.622 0.347 —2.849 2.052 2.005 2.044

R 1.490 7.482 1.851 0.023 0.108 0.043

Note: * = dummy treated, # = the average value of eight data belonging to the same level.
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Figure 10. Trend chart of each factor for the mass loss.
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Figure 11. Trend chart of each factor for surface fractal dimension.

4. Conclusions

In this paper, experimental results for the influence of these three factors on the dura-
bility evaluation indicators including mass loss and surface fractal dimension through
orthogonal experiments were presented and discussed. From this investigation, the follow-
ing conclusions can be drawn:

The pH value of the solution (factor B) had the greatest influence on the mass loss
and the surface fractal dimension, while the water/cement ratio (factor A) had the least
impact on mass loss and the surface fractal dimension. The dominant and secondary order
of three factors on mass loss and surface fractal dimension of concrete subjected to sulfuric
acid was the pH value of the solution > the chemical composition of the aggregate > the
water/cement ratio.

An increase of the water/cement ratio could decrease the mass loss and the surface
fractal dimension of the specimens, and with the decrease of the pH value of the sulfuric
acid solution, the mass loss and the surface fractal dimension of the specimens would
increase. The concrete specimen containing gravel and river sand (C1F1) suffered the
greatest mass loss and the greatest surface fractal dimension, while the concrete specimen
containing crushed marble sand suffered less mass loss and a smaller surface fractal di-
mension.
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