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ABSTRACT

This study deals with the analysis of the detrimental effects of a “sulfate attack” on cement mortar for different
dry-wet cycles. The mass loss, tensile strength, and gas permeability coefficient were determined and analyzed
under different exposure conditions. At the same time, nitrogen adsorption (NAD), scanning electron microscopy
(SEM), and X-ray diffraction (XRD) techniques were used to analyze the corresponding variations in the micro-
structure and the corrosion products. The results show that certain properties of the cement mortar evolve dif-
ferently according to the durations of the dry-wet cycles and that some damage is caused to the mortars in
aqueous solution. The pores fill with corrosion products, increasing the mortar specimen mass and tensile
strength while reducing the permeability coefficient and pore size distribution. As corrosion proceeds, the crystal-
lization pressure of the corrosion products increases, resulting in a 16% reduction in tensile strength from the
initial value and a 2.6-factor increase in the permeability coefficient, indicating sensitivity to sulfate attack
damage. Furthermore, the main corrosion products generated in the experiment are gypsum and ettringite. Appli-
cation of osmotic pressure and extension of the immersion time can accelerate the erosion process.
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1 Introduction

The structural performance of cement-based materials changes in different environments, mainly in
terms of strength and durability, and sulfate attack, involving a complex corrosion mechanism, is very
harmful to cement-based materials and seriously affects concrete durability [1,2]. Tian et al. [3] believed
that dry-wet cycles accelerate the deterioration process. Zhang et al. [4] revealed that the degree of
damage caused by concrete dry-wet cycles is far greater than the damage caused by long-term soaking.
Val et al. [5] believed that alternating wet and dry conditions greatly accelerate the penetration of
corrosive ions and that the tidal range becomes the most severely corroded area of the concrete structure.
Therefore, it is of great significance to study the evolution of cement-based material properties under the
combined action of dry-wet cycles and sulfate attack.
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Sulfate attack is the most common chemical attack on concrete. When a concrete specimen is immersed
in sulfate solution, SO42_ reacts with C-S-H, Ca(OH),, C3;A, and hydration calcium aluminate phases after
entering the pore space to generate gypsum, ettringite, and other crystals that fill the pores, making the
concrete more dense and briefly strengthening the concrete performance, but over time, these products
exert a certain stress related to expansion. When the expansion stress is greater than the tensile strength
of concrete, the cracking of concrete capillaries produces microcracks, which eventually lead to changes
in the mechanical properties of the concrete [6]. Previously, much research has been conducted on the
performance damage to cement-based materials under the action of sulfate attack [7—10] and in recent
years, dry-wet cycles and sulfate attacks have received the attention of many scholars [11—13]. Wei et al.
[14] researched the effect of fly ash on the mechanical properties and microstructure of fiber-reinforced
concrete under the coupling of dry-wet cycles and sulfate attack, and the results showed that a
composition of 20% fly ash enhanced the mechanical properties and refined the pores of the concrete
samples. Al-Dulaijan [15] studied the deterioration of concrete mechanical properties under different
sulfate solutions and the cycle of corrosion and found that the compressive strength first increased and
then decreased with an increase in the number of dry-wet cycles and that the compressive strength loss
rate generally increased as the concentration of the sulfate solution increased. Guo et al. [16] studied the
effect of dry-wet cycles periods on the performance of concrete under sulfate attack and showed that the
depth of sulfate corrosion increased with increasing dry-wet cycles periods under certain conditions, but
excessive extension of dry-wet cycles periods did not significantly exacerbate the deterioration of
concrete performance.

At present, the permeability of cement-based materials under the coupled activity of dry-wet cycles and
sulfate attack is rarely researched, especially with regard to gas permeability under osmotic pressure
corrosion. The permeability of cement-based materials is one of the most important indicators of long-term
durability [17,18], and the transport of internal material is closely related to changes in the pore structure
[19-21]. There are many methods for measuring the permeability of cement-based materials [22-26], and
among them, the gas permeability test method is easy to operate and has high accuracy [27]. Under the
coupled activity of dry-wet cycles and sulfate attack, the morphology of the internal pore structure and the
connectivity of the pore diameters of cement-based materials change gradually, and this method can reflect
the characteristics of the connected pore structure and microcrack changes more sensitively.

In addition, the damage mechanism under the coupled activity of dry-wet cycles and sulfate attack needs
further study, and many scholars have investigated it by using microscopic test methods, such as nitrogen
adsorption (NAD), scanning electron microscopy (SEM), nuclear magnetic resonance imaging (MRI), and
X-ray diffraction (XRD) techniques [28—30]. Using computed tomography (CT) and XRD, Naik et al.
[31] investigated the effect of cement type and water-cement ratio on the results of sulfate attack in
concrete. Chen et al. [32] studied the microstructure of internal concrete exposed to combined chloride
and sulfate attack under dry-wet cycles using XRD and thermal analysis. Jiang et al. [33] used SEM and
CT to elucidate the damage evolution law and the analysis of the microstructure in concrete. Qi et al. [34]
used XRD, ESEM, and XCT to study changes in the corrosion products and the microstructure of
internal concrete.

In short, the study of cement mortar under the coupled activity of dry-wet cycles and sulfate attack is still
necessary. In this paper, after subjecting specimens to simulated dry-wet cycles and sulfate attack conditions,
the mortar mass loss rate, tensile strength, and permeability coefficient change law were compared and
analyzed. At the microscopic level, changes in the internal pore structure of the mortar were analyzed via
NAD, SEM, and XRD, and the types of corrosion products generated were differentiated and
qualitatively compared. Studying the performance of cement mortar after exposure to different corrosion
mechanism types under dry-wet cycles is helpful to understand the changes in cement-based sulfate
materials and the coupling function of dry-wet cycles in some coastal and western regions.



FDMP, 2023, vol.19, no.3 681

2 Materials and Methods

2.1 Materials

The cement used in this study was standard P.O42.5 ordinary Portland cement produced. The fine
aggregate was river sand, the fineness modulus was 2.70, and both the mixing water and curing water
were tap water. The chemical composition of the cement is shown in Table 1.

Table 1: Chemical composition of cement (%)

Si0, Al,O5 Fe, 05 CaO MgO SO, Loss on ignition
21.17 5.48 3.85 62.34 2.76 2.01 2.91

2.2 Specimen Preparation

The mortar was made into a cylinder of ® 50 mm x 100 mm. After curing in water at 24°C for 90 days,
it was cut into 3 ® 50 mm x 25 mm cylindrical specimens. The mix proportion of cement mortar is shown
in Table 2.

Table 2: Mix proportion of cement mortar

Materials Water Cement Sand
Proportion 1 2 5

In accordance with the Standard for Test Methods of Long-term Performance and Durability of Ordinary
Concrete (GB/T 50082-2009), this paper used a 5% Na,SO, solution as the sulfate attack solution, and the
test was divided into three attack environments, namely, aqueous solution, 5% Na,SO, solution, and 5%
Na,SOy solution saturated by vacuum (which acts to accelerate corrosion). During the wetting period, the
specimens were first placed in an attack environment of one of the 3 test solutions (temperature
controlled at 24°C), The solutions reached above the top surface of the specimen (20 mm—-30 mm) and
were changed once every 5 days, and then, the specimens were air-dried for 1 h after removal from the
attack environment. During the drying period, the specimens were placed in an oven (temperature
controlled at 65°C) and subsequently cooled for 1 h to room temperature. In this study, the dry-wet cycle
was fixed at 1 day, and the two groups were tested with different dry-wet ratios (1:1 and 3:1). After O,
10, 20, and 30 dry-wet cycles, the specimens were placed in a 65°C oven to dry for 30 days until the
mass remained unchanged. The mass loss rate, tensile strength, gas permeability coefficient, pore volume,
pore size, and generated corrosion products were measured in the dried specimens. Each test result is
reported as the average of the three samples tested. The specimen numbers for each group are shown in
Table 3.

Table 3: Specimen number for each group

Group No. Dry and wet circulating solution Dry-wet ratio
1 A-DW1 Water 1:1 (12 h:12 h)
2 B-DW1 5% Na,SO, solution 1:1 (12 h:12 h)
3 C-DW1 5% Na,SO, solution under vacuum 1:1 (12 h:12 h)
4 A-DW3 Water 3:1 (18 h:6 h)
5 B-DW3 5% Na,SO, solution 3:1 (18 h:6 h)
6 C-DW3 5% Na,SO, solution under vacuum 3:1 (18 h:6 h)
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2.3 Test Methods

2.3.1 Mass Loss
The mass loss rate M; of the cement mortar after dry-wet cycles was calculated using Eq. (1):
My — M,

M, = 5 100% (1)

where M, is the initial mass (g) and M, is the mass of the specimen after cycling (g).

2.3.2 Tensile Strength

A universal testing machine was used to conduct a Brazilian splitting test. The specimen was placed on
the testing machine and pressurized at a 0.05 mm/min loading rate until the specimen broke. To facilitate
analysis of the effect of different types of corrosion mechanisms on the tensile strength of mortars, the
relative value of tensile strength R, was used as an evaluation index and was calculated according to Eq. (2):

n

Re = % 2)
ts

where R, is the relative value of the tensile strength of the specimen after cycling; f,,” is the initial tensile

strength (MPa); and f;," is the tensile strength of the specimen after cycling (MPa).

2.3.3 Gas Permeability

The gas permeability test was carried out under steady flow rate injection [35]. Argon was used for the
test, which has a dynamic viscosity of 2.25 x 107> Pa-s at 20°C. In accordance with Qian et al. [36], who
investigated how parameters such as inlet and confining pressure alter the gas permeability of concrete,
the inlet pressure was set to 15 bar to ensure accuracy and safety, and the gas permeability was tested at
3 MPa, 5 MPa, and 10 MPa for each specimen. The gas permeability coefficient K (m?) was calculated
according to Eq. (3), and the rate of change of permeability was calculated using Eq. (4):

O (3)
S(Pgwy - PO)At
ki —k
K, = 1k 2 % 100% @)
1

where p is the permeable gas viscosity coefficient (Pa-s); L is the specimen height (m); 4P, is the change in
pressure at the air intake side (MPa); S is the cross-sectional area of the specimen (m?); P,y 1s the average
value of the gas pressure over period 4t (MPa); P, is the atmospheric pressure with a value of 0.1 MPa; 4¢ is
the time difference (s); K, is the rate of change of permeability; and k; and &, are the gas permeabilities
measured under 3 MPa and 10 MPa, respectively.

2.3.4 Microstructure Analysis

The BET nitrogen adsorption test was performed using a Beishide 3H-2000PS1 specific surface area and
pore size analysis instrument, with P/Pq set to 3 x 10 °~0.99, and an N, test gas. After grinding the specimen
into a powder and sieving, it was subjected to a degassing treatment at 100°C for 5 h and then tested. The
differential integral pore size distribution curve of the specimen was obtained using the BJH method. XRD
was performed using a Rigaku Ultima IV X-ray diffractometer. Powder samples were first ground and sieved
through a 320-mesh sieve after drying. The XRD test was conducted in a 5°—80° 20 range. The voltage was
40 kV. The current was 40 mA, and the scanning speed was 2°/min. A ZEISS GeminiSEM 500 field emission
scanning electron microscope was used to characterize the microstructure and morphology of the mortar
specimens. For SEM measurements, small particles (5 mm x 5 mm X 2 mm in dimension) were cut from
the cement mortar and kept submerged for 72 h in isopropanol. Then, they were further dried in an oven
at a temperature of 65°C.
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3 Results and Discussion

3.1 Mechanism of Sulfate Erosion

Sulfate attack is a complex physicochemical process [37]. During the wetting process, after SO4>~ enters
inside the pores, it reacts with Ca(OH), and produces gypsum (CaSO,4-2H,0) Eq. (5). After that, gypsum can
react with hydrated calcium aluminate and produce ettringite (3Ca0O-Al,03-3CaS0,4-32H,0) (Eq. (6)) [38].
When the temperature exceeds 40°C, ettringite begins to lose free water, and 3Ca0-Al,03-:3CaS0,4:32H,0
is dehydrated to form 3CaO-Al,03-3CaSO,4 [39]. Above 104°C, gypsum begins to lose free water.
Therefore, the gypsum produced in this experiment is stable. The gypsum and ettringite contents are mainly
determined by the concentration of sulfate ions. When the concentration is lower than 1 g/l, the erosion
product is only ettringite, and when the concentration is greater than 8 g/l, the main product is gypsum [40].
This test employed a 5% Na,SO, solution at a concentration greater than 8 g/l; thus, the chemical attack
products are gypsum and ettringite. Filling in the internal pores makes the mortar structure more compact,
but the corrosion products are easily expanded, resulting in an increase in the pore wall tension, which
adversely affects the later performance of the mortar. During the drying process, the water on the surface of
the mortar in the early stage is continuously evaporated, but the sulfate will not be lost, forming a high-
concentration area. Under the action of the concentration gradient, S0, diffuses and migrates to the inner
low-concentration area until the sulfate precipitates. In this process, Na,SO4 and mirabilite are transformed
into each other, but the mirabilite is unstable. As the humidity decreases and the temperature increases, the
mirabilite rapidly dehydrates to form Na,SO,, which leads to salt crystallization and the formation of
microcracks in the pores [41].

Ca(OH), + Na;SO4 + H,O — CaSO4-2H,0 + 2NaOH )
3(CaS04-2H,0) + 3Ca0-A1L,05-12H,0 + 14H,0 — 3Ca0-AlL,05-3CaS04-32H,0 ©6)

3.2 Mass Loss

The mass loss rate in each group after different durations of dry-wet cycles was calculated according to
Eq. (1), as shown in Fig. 1. Ye et al. [42] studied the effects of multiple heating-cooling cycles on the
permeability and microstructure of a mortar. The study showed that after five heating-cooling cycles, the
permeability increased by 40% compared with the initial permeability, which was considered to be caused
by the generation of microcracks during the heating-cooling cycles. During the drying process, water
escape can cause certain types of damage, such as the formation, convergence, and propagation of
microcracks in the samples [43]. The principal types of water in concrete are crystal water, adsorbed
water and free water. The water mass loss ratios of C20 concrete were 3.54% and 3.89%, respectively, at
drying temperatures of 60°C and 80°C. The water loss of concrete is made up of free water and adsorbed
water [44]. In this study, the dry-wet cycles essentially involved the process of heating and cooling
several times. During the drying process at 65°C, there is still water inside the specimen that has not
evaporated, and the mortar interior and the oven environment reach a state of humidity equilibrium.
Microcracks are created during the dry-wet cycles, allowing more moisture to be absorbed during the
wetting process. When the pore volume of the mortar increases, more water will be lost during the drying
process to reach an equilibrium state. Therefore, the creation and evolution of microcracks caused by
temperature fluctuation increased the mass loss with an increase in the repetition of the cycles.

The mass of the four groups of specimens in the 5% Na,SO, solution increased with an increase in the
number of dry-wet cycles, and their mass loss rate could be divided into two stages: rapid decrease and slow
decrease. The main reason for the rapid decrease is that SO,4> enters the interior through the external pores in
the early stages of the attack and reacts with Ca(OH), to form gypsum, which subsequently reacts with the
internal hydration products to form ettringite. These corrosion products rapidly fill the pores, thus increasing
the mortar mass of the specimens in the four groups by approximately the same amount in the early stages of
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the attack. These corrosion products eventually entirely fill the pores on the surface, which hinders the
corrosion and diffusion of SO, to a certain extent so that the generation rate of corrosion products is
reduced, and the decrease in the mass loss rate will gradually slow. It was found that the smaller the
dry-wet ratio was, the faster the mass growth rate. After 30 dry-wet cycles, the mass loss rate in Group
C-DWI1 was 1.4 times that in Group C-DW3 because the longer the immersion time was, the more
obvious the SO,> attack was, resulting in more corrosion products; thus, the mass loss rate of the mortar
increased more significantly. The mass growth rate in Group C specimens was faster than that in Group
B. At the end of 30 dry-wet cycles, the mass loss rate in Group C was 1.08 times that in Group B
because the internal pressure of the mortar was greater than that of the external solution in a vacuum
environment, and while the internal gas is expelled, SO4* is more likely to invade the internal pores
under the action of osmotic pressure, a phenomenon that was more evident in the Group DW1 specimens.

Mass loss rate (%)

1 L 1

0 10 20 30
Time (days)

Figure 1: Mass loss rate for each group of specimens at different corrosion times

3.3 Tensile Strength

The relative tensile strength of each specimen after different corrosion times was calculated according to
Eq. (2), as shown in Fig. 2. The tensile strength after 30 dry-wet cycles showed a decrease of 3%, and the
tensile strength in Group A-DW3 was smaller than that in Group A-DW1. As previously mentioned, the
temperature fluctuation degraded the pore structure during the drying stage. Yurtdas et al. [45] discovered
that variations in concrete strength after drying are the result of a competing effect between the increase
in material density. Due to capillary suction and hygral gradients, as well as drying-induced
microcracking caused by material heterogeneities and differential shrinkage rates, the longer the drying
time was, the greater the damage. The relative tensile strength in the four groups in 5% Na,SO4 solution
increased and then decreased with an increase in the number of dry-wet cycles, and all groups reached
their maximum tensile strength after 10-20 cycles, with the maximum peak strength of the specimens in
Group C-DWI1 being 1.21 times the initial strength. The rate of increase in the tensile strength of the
specimens with a low dry-wet ratio was faster, which is consistent with the previously mentioned mass
change. The tensile strength of the Group B-DW3 specimens still increased after 10 dry-wet cycles, while
the tensile strength of the specimens in other three groups began to decrease; thus, the smaller the
dry-wet ratio is, the faster the decline. After 20 dry-wet cycles, the tensile strength of the specimens in all
four groups was still greater than the initial tensile strength, at which point, the tensile strength of the
specimens in Group B-DW3 also began to decrease. After 30 dry-wet cycles, the tensile strength of all
the specimens in Group DW1 was lower than the initial value, and the tensile strength of Group C-
DW1 specimens decreased by 16% compared with the initial value, but the tensile strength of specimens
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in Group DW3 was greater than the initial value. Even with the faster decrease, Group C-DW3 still had a
tensile strength 1.03 times greater than the initial tensile strength. Furthermore, the rates of increase and
decrease in the tensile strength of Group C specimens were greater than those of Group B specimens,
which is a phenomenon related to the osmotic pressure caused by the previously mentioned vacuum
environment. Santhanam et al. [38] suggested that sulfate corrosion is divided into two stages: diffusion
and swelling. SO4> enters the specimen through the pores in the early stages of sulfate attack, generating
a small amount of gypsum and ettringite, which fills some of the large pores. The generated
crystallization pressure is insufficient to destroy the internal structure of the mortar, but it causes
densification, which leads to an increase in tensile strength. As the number of dry-wet cycles and
corrosion time increase, an increasing number of crystals fill the internal pores, causing the internal
expansion stresses to be greater than the tensile strength of the specimen, causing structural damage to
the mortar and lowering the tensile strength.

1.3

—=— A-DW] —v— A-DW3

091 e BDWI—+—B-DW3
—4+— C-DWI —<— C-DW3
0.8 1 1 1
0 10 20 30
Time (days)

Figure 2: R, for each group of specimens at different corrosion times

3.4 Gas Permeability

3.4.1 Gas Permeability at Different Confining Pressures
The permeability coefficients for each group at different confining pressures were calculated according
to Eq. (3) and are shown in Figs. 3-5.

1.8E-17
—=—DWI 3 MPa —v—DW3 3 MPa
—e—DWI 5MPa —¢—DW3 5 MPa
—4—DWI1 10 MPa—<—DW3 10 MPa
1.6E-17

1.2E-17
0 10 20 30

Time (days)

Figure 3: Variation curves of permeability coefficients for Group A specimens at different confining pressures
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Figure 4: Variation curves of permeability coefficients for Group B specimens at different confining pressures
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Figure 5: Variation curves of permeability coefficients for Group C specimens at different confining pressures

As shown in Fig. 3, the permeability of Group A specimens increased slightly with corrosion time at
constant confining pressures. However, the permeability coefficients of all specimens were approximately
1.4x107"7 m? and the permeability of specimens in Group DW3 was greater than that in Group
DW1 specimens, indicating that a higher dry-wet ratio results in higher permeability under the same
conditions, which shows that the longer the drying time, the more connected pores the specimen
generates and the greater damage effect. This finding is consistent with the above test results. Ye et al.
[42] have also confirmed this finding. The permeability decreases significantly as the confining pressure
increases because the internal pore structure and penetrating fractures are compressed under the confining
pressure, reducing the free path for the gas and thus reducing the gas flow [46].

The permeability for Group B specimens decreased and then increased significantly with corrosion time
at the same perimeter pressure, as shown in Fig. 4. After 10 dry-wet cycles, the permeability of the Group
DWI1 specimens was 28.9% lower than that of the uncirculated specimens, the permeability increased
significantly, and the growth rate gradually increased. The permeability of the specimen was more than
twice that of the uncycled specimen after 30 dry-wet cycles. However, the specimens in Group
DW3 reached their lowest permeability after 20 dry-wet cycles, and the rates of decrease and increase
were significantly slower than Group DW1, which is consistent with the pattern of variation in the
relative values of the tensile splitting strength R.. described above. This is due to the intrusion of SO4*~ in
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the early stages of corrosion, which produces small amounts of gypsum and calcium alum that fill in some of
the large pores, reducing the porosity of the mortar and making the specimen denser. The increase in density
impedes the passage of gases, resulting in improved permeability resistance and decreased permeability.
However, after 30 dry-wet cycles, an increasing number of these corrosion products are produced,
causing structural damage and the formation of microcracks in the mortar and increasing the permeability.

As shown in Fig. 5, the data for the specimens in Group C subjected to corrosion in a 5% Na,SOy
solution under vacuum are consistent with the overall change pattern observed in the Group B specimens.
Under the same confining pressure, the permeability decreased significantly and then rapidly increased as
the corrosion time increased, and all specimens reached their lowest permeability after approximately
10 cycles, which is 35.9% lower than that of the uncycled specimens. When compared to uncycled
specimens, the permeability of the specimens increased by a factor of 2.6 after 30 dry-wet cycles.

3.4.2 Gas Permeability under Different Corrosion Conditions

To visually compare the gas permeability of the mortar under different corrosion mechanisms and to
reduce the influence of the confining pressure on the permeability of the specimens, the gas permeability
coefficient of specimens in each group was measured at a confining pressure of 3 MPa, and the variation
in the permeability with corrosion time is shown in Fig. 6.

4.5E-17

—=— A-DWI1
—e—B-DWI1

3.5E-17

2.5E-17

K (m*)

LSE-17f__

5.0E-18 L L L
0

Time (days)

Figure 6: Variation curves of the coefficient of permeability for each group of specimens at different times
of corrosion

As shown in Fig. 6, the permeability of the specimens in Group A increased only slightly after
30 dry-wet cycles, specifically by only 9% compared to before the dry-wet cycle. The permeability of the
specimens in Groups B and C decreased and then increased, specifically experiencing a rapid increase
after 20 dry-wet cycles, with only the specimens in Group B-DW3 reaching their lowest value after
20 cycles, while the rest of the groups reached their lowest value after approximately 10 cycles. The
decrease and increase rates in Group C were greater than those in Group B, indicating that the rate of
deterioration was faster in Group C than in Group B. After 30 dry-wet cycles, the permeability of Group
C was 1.3 times higher than that of Group B, which is correlated with the fact that the osmotic pressure
generated under the saturation of the evacuation mentioned above is more likely to allow SO4% to
invade. The permeability of the DWI1 specimens in Groups B and C was 1.6 times that of the
DW3 specimens after 30 dry-wet cycles, indicating that the smaller the dry-wet ratio is, the faster the
decrease in permeability due to the longer corrosion time; thus, the greater the amount of invading SO4*~
is, the greater the amount of generated corrosion products, which means the rate of deterioration becomes
faster.
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3.4.3 Gas Permeability Coefficient Change Rate

Fig. 6 shows that while the permeability coefficients for all groups were on the order of 10! m? and the
permeability decreases with increasing confining pressure for the same attack cycle in each group,
the magnitude of the decrease varies. The permeability coefficient change rate is used to characterize the
difference in permeability reduction, and data from the specimens in Group DW1 were selected for
analysis. The permeability coefficient change rate of the DW1 specimens after different corrosion times
was calculated using Eq. (4), and the results are shown in Table 4.

Table 4: Permeability coefficient change rate of the DW1 specimens after different corrosion times

t/days K,

A B C
0 13.33% 13.33% 13.33%
10 15.66% 15.60% 16.71%
20 15.57% 16.16% 17.80%
30 16.80% 19.44% 20.63%

From Table 4, the permeability coefficient change rate increased from 13.33% to 16.80% (A), 19.44%
(B), and 20.63% (C) after 30 days of corrosion in different solutions. The permeability of the Group C
specimens decreased the most with increasing confining pressure and was greater than that of the
uneroded specimens, indicating that the permeability is the most sensitive to confining pressure after
corrosion. Although the production of corrosion products that fill the pores in the early stages of
corrosion reduced permeability, the production of corrosion products necessitated the consumption of
hydration products, resulting in the same reduction in the ability of the specimen skeleton to resist
deformation as observed in Group A [47]. As a result, after corrosion in different solutions, the sensitivity
of all three groups of specimens to the confining pressure increased.

3.5 Microstructural Alteration of Mortar

3.5.1 BET Nitrogen Adsorption

Due to the consistent pattern of variation in the four datasets under corrosion in 5% Na,SO, solution and
the large amount of data, only the C-DW 1 dataset with the fastest attack rate was chosen for microstructural
alteration analysis in this paper. Based on the type of hysteresis loop recommended by the International
Union of Pure and Applied Chemistry (IUPAC), the analysis shows that the adsorption and desorption
isotherms for this test are type H3. As shown in Figs. 7a and 8a, there is no restriction on adsorption in
the higher P/P, pressure region, and a hysteresis loop with a large hysteresis width occurs at P/P,
between 0.5 and 1, indicating a wide range of specimen pore size distributions. As shown in Fig. 7a, as
the corrosion time increases, the adsorption and desorption isotherms of the specimens shift downward.
This phenomenon indicates that sulfate erodes into the pore space and that the resulting products refine
the pore structure inside the specimen, which is the reason for the decrease in adsorption and desorption
at each relative pressure point. Fig. 7b depicts the differential integral pore size distribution diagram for
Group C-DWI1. As seen from the diagram, the pore size distribution curves under different attack cycles
have similar trends, and the pore size distribution ranges from 2 nm to 150 nm, indicating that there are
no micropores in the specimens and that the specimen mainly contain mesopores and macropores, with a
higher proportion of pores with pore sizes between 10 nm and 80 nm. The number of pores in the
specimens with a size of 4 nm to 80 nm gradually decreased as the corrosion progressed, while the pores
with a size of 2 nm to 3 nm slightly increased, and the pores between the C-S-H gel particles were in the
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range of 3 nm to 12 nm, indicating that the consumption of C-S-H during sulfate attack caused significant
changes in the pores between the gel particles. The other pore structure parameters of the specimens are
shown in Table 5, which shows a significant reduction in the size of the BET specific surface area and
total pore volume. After 30 dry-wet cycles, the specific surface area decreased by 40.1%, the total pore
volume decreased by 44.4%, and the most likely pore size remained essentially unchanged and was
distributed between 3.90 nm and 3.94 nm. This is because the generated corrosion products gradually fill
the pores with a larger pore size, decreasing the empty volume of the pores and resulting in a reduction in
the number of certain pore sizes, thereby reducing the specific surface area and pore volume. According
to the adsorption and desorption isotherms in Fig. 8a, the differential integral pore size distribution
diagram in Fig. 8b, and other pore structure parameters in Table 6, it can be seen that the variation
between the corrosion velocities in each group is C-DW1>B-DW1 >C-DW3 >B-DW3. The significant
changes in pore size discussed above can reflect the test results for tensile strength and permeability.
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Figure 7: (a) Adsorption-desorption isotherms of specimens in Group C-DW1 after different corrosion
cycles; (b) Differential integral pore size distribution of specimens in Group C-DW1 after different
corrosion cycles

Table 5: Other pore structure parameters for Group C-DW1 specimens

t/days BET specific Total pore The most likely
surface area (m?/g) volume (ml/g) pore size (nm)

0 7.0944 0.0594 3.9384

10 5.0097 0.0484 3.9169

20 4.3781 0.0401 3.9121

30 4.2491 0.0330 3.9075
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Figure 8: (a) 30-cycle adsorption-desorption isotherms of specimens in four groups in 5% Na,SO, solution;
(b) 30-cycle differential integral pore size distributions of specimens in four groups in 5% Na,SO, solution

Table 6: Other pore structure parameters for four groups of specimens in 5% Na,SO, solution for 30 cycles

No. BET specific Total pore The most likely
surface area (m%/g) volume (ml/g) aperture size (nm)

B-DW3 5.6312 0.0481 3.9287

C-DW3 5.0890 0.0462 3.9233

B-DW1 4.4620 0.0387 3.9132

C-DW1 4.2491 0.0330 3.9075

3.5.2 XRD Analysis

Fig. 9 shows the XRD diagram for this study. The graphs show a qualitative analysis of quartz, Ca(OH),,
CaCOs, gypsum, and ettringite. In this subsection, the XRD data of Group C-DW1 are still the only data
taken for analysis. Fig. 9a shows the XRD pattern of Group C-DW1 mortar after 0, 10, and 30 days of
dry-wet cycles. The peaks of gypsum and ettringite in the mortar are very small before the attack and
gradually increase as the corrosion time increases. After 30 days of attack, the peaks of ettringite and
gypsum caused by external sulfate attack can be seen, indicating that these are the main substances
generated by corrosion. As Ca(OH), is a reactant in the production of gypsum, Ca(OH), is consumed
while gypsum is produced, which is confirmed by the decrease in the Ca(OH), peak in Fig. 9a.

Fig. 9b shows the XRD patterns of the four groups of specimens in 5% Na,SO, solution after 30 days.
The main mineral differences between the four groups after dry-wet cycles of sulfate is the amount of
ettringite and gypsum produced. In the same corrosion solution, the specimens in Group DW1 produced
more ettringite and gypsum than those in Group DW3, while the amount of Ca(OH), decreased,
indicating that sulfate attack was negatively correlated with the dry-wet ratio; that is, the smaller the
dry-wet ratio was, the longer the corrosion time and the more favorable the generation of
corrosion products. At the same dry-wet ratio, it can be observed that the peak intensities of ettringite and
gypsum are higher in Group C specimens than in Group B specimens. This phenomenon is more
prominent in the groups with smaller dry-wet ratios. According to the peak intensity of the corrosion
products, it can be concluded that the variation in the corrosion rate of each group in descending order is
C-DW1 >B-DWI1 > C-DW3 > B-DW3, which is consistent with the above test results.
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Figure 9: (a) XRD diagrams of Group C-DW1 specimens after different attack periods; (b) 30-cycle XRD
patterns of four groups of specimens in 5% Na,SO, solution

3.5.3 SEM Analysis

SEM was used to examine the microstructure of the mortars under the coupled activity of dry-wet cycles
and sulfate attack. Sarkar et al. [48] showed that dry-wet cycles can only accelerate the rate of attack and
that the microstructural changes are mainly due to the sulfate attack process. Fig. 10 illustrates
the micromorphology changes during mortar erosion in Group C-DW1. As shown in Fig. 10a, the
accumulation of Ca(OH), crystals and short, column-shaped crystals of gypsum can be observed in the
pores in the early stages, and the needle-like crystals of ettringite are almost invisible. As shown in
Fig. 10b, after 30 dry-wet cycles, the number and size of corrosion products increased, and the
micromorphology became increasingly complex, with needle-like ettringite and visible microcracks being
observed. The number of corrosion products increases as the corrosion time increases, while the
hydration products C-S-H and Ca(OH), are constantly decomposed, destroying the bonding power
between the mortar and the specimen and leading to cracking, which reduces the permeability resistance
of the specimen. Fig. 11 shows a comparison of SEM images of specimens from the four groups in 5%
Na,SO, solution at 30 days and the different corrosion processes under different types of erosion
mechanisms in terms of the generation of corrosion products and the degree of damage, with more
gypsum and ettringite being generated in Group C specimens than in Group B specimens, which
indicates a faster corrosion process. In addition, in Group DWI1, more corrosion products and
microcracks were generated than in Group DW3. In particular, for the specimens in Group C-DW1, the
pores were almost filled with needle-like ettringite crystals, indicating that the smaller the dry-wet ratio is,
the faster the corrosion rate, which is consistent with the above results.
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4 Conclusions

In this paper, the macro- and micro-properties of cement mortars were studied to investigate the evolution
of properties under different corrosion and dry-wet cycles. The following conclusions can be highlighted:

1.

The deterioration of cement mortars in dry-wet cycles is closely related to the attack environment and
the duration of the cycle. The deterioration in aqueous solution was relatively slow, but no significant
deterioration was seen over the durations studied. Under the combined action of dry-wet cycles and
sulfate attack, the tensile strength and gas permeability of cement mortar exhibit roughly the same
change over time, with both showing a two-stage change pattern of first increasing and then
decreasing; however, the gas permeability resistance of cement mortars is more sensitive to sulfate
attack damage, which makes the deterioration degree greater in the later stage of corrosion.

. The gas permeability of the cement mortars is strongly related to the confining pressure. At a constant

corrosion time, the gas permeability gradually decreases with increasing confining pressure, and the
sensitivity of the specimen to the confining pressure increases after a certain time of corrosion in
different solutions.

. The application of osmotic pressure in the process of sulfate attack and the vacuum environment

inside and outside the specimen solution, which forms osmotic pressure, can accelerate S0,
migration and diffusion, promote the role of sulfate chemical attack, and increase the rate of
damage to the specimen.

The dry-wet ratio is an important factor in the sulfate attack of cement mortars. The early
performance of mortar with a small dry-wet ratio exhibits faster improvement. The longer
immersion time has a greater impact on the later stage of corrosion due to structural damage and
the formation of more microcracks in the mortar.

When compared to uneroded mortar, the sulfate-attacked mortar produced short column-shaped
gypsum crystals and needle-like ettringite crystals. These corrosion products fill the internal pores,
refine the pore structure of the specimen, reduce the mesopore and macropore content, and
significantly reduce the size of the specific surface area and total pore volume, thus improving the
performance of the specimen, while the most likely pore size remains essentially unchanged. The
application of osmotic pressure and increasing immersion time can produce more corrosion products.
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