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Abstract

:

To study the influence of sand particles on the strength and dry–wet cycle characteristics of cement-solidified South China coastal soft clay, a series of cement-solidified South China coastal soft clay samples with different contents and sizes of sand particles were prepared, and unconfined compression strength (UCS) tests, dry–wet cycle tests under seawater and freshwater conditions, scanning electron microscopy tests, and X-ray diffraction tests were carried out. The test results show that the UCS of cement–sand-solidified soil (CS-SS) samples at 7, 14 and 28 d increase as sand particle content increases, and their 28 d strength increase as sand particle size decreases; the average mass loss rate of sand–cement samples ranges from 14% to 61%. The properties of strength and dry–wet cycle durability improve as the sand particle content increases and the sand particle size decreases. Moreover, the anti-dry–wet cycle ability of samples under freshwater conditions is better than those under seawater conditions. The scanning electron microscopy (SEM), X-ray diffraction (XRD), and ion chromatography test results show that the stiffness replacement effect (the high stiffness of sand particles replaces the low stiffness of soft clay), the interface cementation effect between the sand particles and cemented soil, and the microcrack expansion-obstructing effects of sand particles contribute to the improvement of the strength and dry–wet cycle durability of cement–sand solidified South China coastal soft clay.
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1. Introduction


The coastal region of South China is located in the subtropics, suffering a warm and humid climate and flourishing vegetation, where the deposited soft soil is a thick layer and rich organic matter and has the “three high (high water content, high organic matter content, and high compressibility), two low (low bearing capacity, low permeability) and one long (long deformation stability time)” substantial regional characteristics. The engineering performances of this soft soil are extremely poor [1,2,3]. Therefore, the proposed pretreatment is required for engineering construction in the coastal soft soil area of South China. Various foundation treatment methods have been used for soft soils, among which cement mixing piles have been intensively studied [4,5,6] and widely used [7,8,9] because of their good reinforcement effect and simple construction. Engineering practice has found that the strength of cement mixing piles in South China’s organic-rich coastal soft soil region is very low, although the cement content is high. The main reason is that the hydration products of cement have difficulty in forming a continuous cementitious structure skeleton in soft soil with a high organic matter content [10,11,12].



South China’s coastal soft soil areas, especially the Pearl River Delta, have experienced three sedimentary cycles, forming geological inter-bedded layers of silty sand and soft clay [13]. The sand particles, which are used as a common aggregate, can be effectively mixed into the cement-solidified soils to improve the strength and deformation characteristics. Subramanian et al. [14] prepared cement-solidified artificial soft soil with different sand particle content and investigated the effect of the sand particle content on the deformation characteristics of cement-solidified soft soil by ultrasonic and bending element tests. They found that sand particles can effectively increase the shear modulus of the cement-solidified soft soil. Xu et al. [15] systematically summarized the effect of sand particle content on the unconfined compression strength (UCS) of cement-solidified soil and analyzed the microscopic control mechanism of the reinforcing effect of sand particles on cement-solidified soft soil in Lianyungang City by using the numerical simulation method. Chian et al. [16] conducted a series of UCS tests on the cement-solidified Singaporean marine soft clay with different sand particle content. The test results showed that the UCS of the cement-solidified samples decreases with increasing sand particle content, yielding findings opposite to those of Xu et al. [15]. Wang et al. [17] carried out a series of UCS tests and microscopic tests on solidified soft clay with different cement contents and sand particle contents. The test results showed that there is an optimal sand particle content for cement-solidified soil with different cement content; that is, the strength of the cemented soil increases first and then decreases with the increase of sand particle content. It is consistent with the research results of Liu et al. [18] and Fan et al. [19], but the optimal sand particle content is different. The above studies mainly investigate the influence of sand particle content on the strength of cemented soil. However, the influence of sand particle size on the mechanical properties of cemented soil has not been reported.



In addition, the cement mixing piles in the coastal soft soil region of South China inevitably undergo a dry–wet cycle cycle of seawater and freshwater when suffering ebb and flow, dry and flood seasons and changing seasons, leading to strength deterioration and even structural destruction [20,21]. The ability to resist the dry–wet cycle degradation directly determines the water stability and durability of cement mixing piles and then the success and failure of cement mixing pile reinforcement projects. However, the research results on the dry–wet cycle characteristics of cement–sand solidified soil (CS-SS) in the coastal region of South China are rarely reported. In the construction process of the Guangdong–Hong Kong–Macao Greater Bay Area, some housing construction and transportation infrastructure are bound to be built on the foundation of muddy, soft soils. However, the engineering properties of muddy, soft soil are very poor, and it is a difficult problem in engineering construction to ensure it meets the strength requirements of the foundation. At present, there are few studies on the deterioration law of the strength of the cement soil foundation in the coastal area of South China after the dry–wet cycles of freshwater and seawater during the flood tides and ebb tides. Therefore, it is necessary to carry out a systematic study on the durability of sand-mixed cement soil in the coastal area of South China.



In this regard, a typical coastal soft soil in South China is selected as the research object in the present work. A series of the CS-SS samples with different sand particle content and sand particle size are prepared to conduct UCS tests, dry–wet cycle tests and microscopic observation tests to investigate the influence of sand particles on the strength characteristics of the CS-SS in South China and to study the microscopic control mechanism of strength deterioration of the CS-SS in the dry–wet cycle of seawater or freshwater. The present work is expected to provide scientific support and an experimental basis for the application of cement–sand mixing piles in coastal soft soil regions of in South China.




2. Test Materials and Test Methods


2.1. Test Materials


For a brief analysis of the basic physical properties of soft soils in the South China coastal region, undisturbed soil samples were collected at 11 soil extraction points (as shown in Figure 1 in the South China coastal region, and the results of the basic physical properties are shown in Table 1. The data in Table 1 are not much different, and the basic performance is similar. Soft soils in coastal and river areas of Southern China are generally characterized by high water content (above 50%), high liquidity index (above 1.2), high compressibility, low permeability and high organic matter content.



In the present work, the coastal soft soil in South China is taken from Zhongshan City, Guangdong Province (Extraction point 11 in Figure 1). The sample depth of the soft soil is 6~8 m. The specific physical and mechanical properties are shown in Table 1. The cement used in the present work is P.O 42.5R ordinary Portland cement, and the main chemical composition is shown in Table 2. The composition was evaluated by X-ray fluorescence (XRF). The water used for sample preparation is fresh water. The sand used in this paper is natural river sand, and three particle size combinations of 0.075~0.25 mm (fine sand), 0.25~0.5 mm (medium sand), and 0.5~1.0 mm (coarse sand) are sieved and prepared. Both freshwater and seawater are used for the dry–wet cycle test. The seawater is artificially configured in the laboratory, and the specific components are shown in Table 3.




2.2. Sample Preparation


For the CS-SS samples, the properties of the cemented soil were controlled by the water content of the in situ soft soil, cement content, and water–cement ratio. The preparation of the CS-SS samples must strictly ensure that the properties of the cemented soil in the same test group remain unchanged. The soft soil was dried and crushed and passed through a 0.075 mm sieve. When preparing the samples, according to the test scheme, the corresponding masses of the dried soft soil particles, sand particles, cement, and water were weighed. The dry cement powder and sand particles were mixed into the dried soft soil particles first for thorough mixing, and they are placed into the cement mortar mixer. The appropriate amount of water was mixed with them thoroughly to ensure the sand particles were evenly distributed in the cemented soil to form the mixed slurry of the CS-SS samples. A clean three-flap mold was used and a thin layer of petroleum jelly was smeared on its inner walls. The mixed CS-SS slurry was evenly loaded into the mold three times. Each time after loading the mixed slurry, the mold was placed on the shaking table for 2 min vibrating to remove the air bubbles in the mixed slurry. Once the mixed slurry loading procedure was completed, it was covered with a plastic top cap, wiped with a damp cloth, and pasted with a test group label. After a 1 d curing period, the mold was removed and the CS-SS sample was formed. The prepared samples were sealed with plastic film and placed in a curing box with the temperature fixed at 20 °C ± 2 °C and relative humidity greater than 95% until the design curing age. The dimensions of the sample were 39.1 mm in diameter and 80 mm in height.




2.3. Test Scheme


In the present work, the influence of sand particles (content αs and size d) on the strength and anti-dry–wet cycle characteristics of the cement-solidified soil was studied. According to the research results of Pan et al. [22] and Liang et al [23], 15% cement content is both effective and economical for improving the unconfined compression strength (UCS) of soft soil; thus, this cement content was also used in the present work, whereas the water–cement ratio was set at 1:1. In the case of UCS tests, the sand particle content of the CS-SS samples were set at 0%, 2%, 5%, 10%, 15%, and 30%; the sand particle size were set at 0.075~0.25 mm (fine sand), 0.25~0.5 mm (medium sand), and 0.5~1.0 mm (coarse sand). Three parallel samples were prepared for each group of the test. A series of UCS tests were conducted for 135 CS-SS samples in 45 test groups. In the case of the dry–wet cycle tests, the sand particle content of the CS-SS samples was set at 0%, 5%, and 15%; and the sand particle size was set at 0.075~0.25 mm (fine sand), 0.25~0.5 mm (medium sand), and 0.5~1.0 mm (coarse sand), respectively. The CS-SS samples were subjected to two dry–wet cycles N (30 d/cycle) under seawater and freshwater conditions, three parallel samples were prepared for each group of the tests, and a total of 72 groups of the 216 samples were prepared for the dry–wet cycle tests. The specific test scheme is shown in Table 4, and the tests were carried out according to the Specification of the soil test (GB/T50123-2019) [24].




2.4. Test Method


2.4.1. Strength Test Methods


	(1)

	
Unconfined compression strength (UCS) test







The UCS tests were carried out on the CS-SS samples with specified design curing ages. The loading rate of the test was 0.8 mm/min (axial strain of 1%) [24]. The results of the UCS tests were the average value of the test results of the three parallel samples.



	(2)

	
Dry–wet cycle test and strength loss rate







Dry–wet cycle tests were carried out on the CS-SS samples cured to 28 d. The samples were subjected to a dry–wet cycle test for 30 d. The dry cycle consisted of drying the samples at room temperature for 15 d, and the wet cycle consisted of immersing the samples in the container for 15 d. The control group samples were continuously placed in the curing box. The unconfined compression strength test was carried out after each dry–wet cycle to analyze the dry–wet cycle characteristics and strength degradation law of the CS-SS samples.



In order to analyze the anti-dry–wet cycle ability of the CS-SS samples under seawater and freshwater conditions, the average strength loss rate     D   f     was used to evaluate the dry–wet cycle characteristics of the CS-SS samples [25]. Moreover,     D   f     can be expressed as Equation (1):


     D f  = ( 1 −    f n     f 0    )  



(1)




where     f   o     is the UCS of the CS-SS samples at the curing age of 28 d, and     f   n     is the UCS of the CS-SS samples after N dry–wet cycles.




2.4.2. Microscopic Test Method


	(1)

	
Scanning electron microscopy (SEM) and mineral composition analysis (XRD)







After the CS-SS samples were tested for UCS, they were placed in an oven and air-dried at a low temperature (60 °C ± 3 °C) for 24 h. The dried samples were taken out and broken apart, and representative samples were subjected to scanning electron microscopy (SEM, ZEISS GeminiSEM 300, Oberkochen, Germany); SEM images were taken at corresponding magnifications. The analysis of the mineral composition was realized by the XRD method, which is mainly used to analyze the change of mineral composition in the hardening process of cement mortar solidified soil and to study the reaction process by material change. Representative samples were subjected to X-ray diffraction (XRD) tests (Bruker, Germany), and XRD patterns of the samples were obtained. XRD patterns were processed using MDI Jade 6.0 software.



	(2)

	
Ion chromatography test







In the present work, the mixture of the standard solution, composed of 2, 4, 10, 20 and 40 mg/L chloride ions (    C l   −    ) was first prepared, and the specific preparation procedures were as follows: according to the Water Quality-Determination of Inorganic Anions (HJ84-2016) [26], 1.6485 g of   N a C l   was accurately weighed and dissolved in water, transferred to a 1000 mL volumetric flask, diluted, fixed with water to the standard line, and shaken thoroughly. The 100 mg/L     C l   −     standard solution was prepared by precisely pipetting 100mL of the mixed reserve solution into a 1000 mL volumetric flask and adding water to the scale line. Firstly, 50 g of the air-dried sample was weighted and poured into a 500 mL conical bottle. Secondly, 250 mL of ultrapure water was added and the mixture was shaken for 3 min at 25 °C. Thirdly, the thoroughly shaken solution was poured into a 50 mL centrifuge tube and centrifuged at a speed of 4000 r/min for 5 min. Finally, the supernatant was filtered through a 0.45 μm microporous membrane into a sample tube for ion chromatography (ICS-900) analysis. Finally, 1.0, 2.0, 5.0, 10.0, and 20.0 mL of the standard solution were precisely pipetted into a 100 mL volumetric flask to prepare the 2, 4, 10, 20, and 40 mg/L of     C l   −     standard solutions. The ion concentration of the CS-SS sample was examined and the standard curve was constructed. They were injected into the ion chromatograph in the order of their concentration from low to high, and the peak area (or peak height) was recorded. The standard curve was plotted with the mass concentration of each ion as the abscissa and the peak area (or peak height) as the ordinate. The mass concentrations     ρ   of anions     C l   −     were calculated from the standard curve by using Equation (2):


    ρ =   h −  h 0  − a  b  × f  



(2)




where     ρ   is the mass concentration of anions in the sample (mg/L),     h   is the peak area (or peak height) of the anions in the sample,      h 0    is the peak area (or peak height) of the anion in the laboratory blank,     a   is the intercept of the regression equation,     b   is the slope of the regression equation, and     f   is the dilution multiple of the sample. If the sample content was less than 1 mg/L, the results were retained to three decimal places. If the sample content is greater than or equal to 1 mg/L, the results retained three valid digits.






3. Test Result Analysis


3.1. Unconfined Compression Strength (UCS)


The relationship between the UCS of the CS-SS samples and the sand particle content and size is shown in Figure 2.



3.1.1. Effect of Sand on the UCS of Cemented Soil


It is apparent from Figure 2a that the UCS of the CS-SS samples increased with the increase of sand particle content but showed different trends at different curing ages. For the curing age of 28 d, as the sand particle content increased from 0% to 30%, the UCS of the CS-SS samples with different sand particle sizes increased by 0.45 MPa (fine sand), 0.36 MPa (medium sand), and 0.27 MPa (coarse sand). For the curing age of 7 d, the UCS of the CS-SS samples increased by 0.15 MPa (fine sand), 0.18 MPa (medium sand), and 0.17 MPa (coarse sand) when sand particle content increased from 0% to 30%, and the sand particle size was more effective in enhancing the long-term strength of the cemented soil than the early strength.



It is apparent from Figure 2b,c that the sand particle size had a certain influence on the UCS of the CS-SS samples. For the 7 d and 14 d strengths, the effect of sand particle size on the UCS showed a certain degree of dispersion, and no regularity was found. For the long-term (28 d) strength, the UCS of the CS-SS samples increased obviously with the decrease in sand particle size, and all test groups of the CS-SS samples showed the same variation law.




3.1.2. Physical Explanation of Sand on Strengthening Mechanism of Cemented Soil


The strengthening mechanism of sand particles on cemented soil is mainly manifested in three aspects: (1) the modulus replacement effect (sand particles with large stiffness replaces soft soil with small stiffness), (2) the sand particle–cemented soil interface cementation effect, and (3) the microcrack expansion obstructing effect.



In order to analyze the microscopic control mechanism of sand particles on the solidification effect of the cemented soil, scanning electron microscope tests were performed on the CS-SS samples (medium sand, 15% sand particle content, and curing age 28 d) after conducting the UCS test, and the test results are shown in Figure 3. At lower magnification, it can be seen that the sand particles are embedded in the cemented soil, forming a tighter bond with the surrounding soil. The skeleton system originally constructed by soil particles is transformed into a support system with a sand particle-centered aggregate structure as the main skeleton. The sand particles were observed on a large scale, and different interfaces appeared around the sand particles. The surface of the sand particles was uniformly covered with C-S-H gel. The cemented soil and the sand particles form a stable structure through the hydration product C-S-H gel, which is also the reason why the sand particles promote the strength of the cemented soil to be greatly improved. Due to the large density and strength of sand particles, it plays the role of coarse aggregate in cemented soil. For the early-age (7 d) samples, the degree of hydration of the cement was low, the interface cementation strength of the interfaces between the sand particles and cemented soil was low, and the strengthening effect of sand particles on the cemented soil was mainly induced by the modulus replacement effect. With the increase in sand particle content, the degree of the modulus replacement effect increased, and the compaction effect of sand particles on the cemented soil was intensified. The UCS of the CS-SS samples increased with the increase of sand particle content, but the increased amplitude was limited. Meanwhile, it was slightly affected by the sand particle size. For the long-age (28 d) samples, the hydration of cement was more adequate, and a stronger interface cementation was achieved between the sand particles and the cemented soil through the cement hydration products, as shown in Figure 3c. The deformation coordination between the sand and cement soil was strengthened; that is, the high strength of sand can be transferred through interface cementation, and the modulus substitution effect of the sand is enhanced [14]. The UCS of the CS-SS samples increased with the increase of sand particle content, and the increase in amplitude was promising. The smaller the sand particles, the greater the specific surface area, and the greater the interface area, the more pronounced was the reinforcing effect of modulus replacement. The later UCS of the sample increased with the decrease in sand diameter.




3.1.3. Influence of Sand on the Failure Mode of the Cemented Soil


It was found in the test that the failure pattern of the CS-SS samples changed with the sand particle content, and the samples exhibited a column-cracking failure when the sand particle content was zero, a nuclear cracking failure when the sand particle content was 15%, and a shear-cracking failure when the sand particle content was 30%, as shown in Figure 4.



The hydration of the cement induced microcracks inside the cemented soil [25,27], and the failure of the samples started at the internal weak point under external load; the microcracks expanded and penetrated one another as the external load increased, leading to the macroscopic failure of the samples. For the cemented soil samples with zero sand particle content, the internal microcracks were free to expand with long extension lengths, easily forming wide cracks in line with the loading direction, and macroscopically showing a column-cracking failure pattern, as shown in Figure 4a. For the CS-SS samples, the extension of internal microcracks was blocked by the sand particles, and these microcracks were difficult to penetrate one another. When the sand content is high (such as 30 % in this paper), the distribution density of the sand particles in cement soil is large, and the long microcracks are divided into short and fine microcracks with dispersed distribution. At this time, the integrity of the samples is better, the shear characteristics are remarkable, and the macroscopic failure mode is a shear fracture, as shown in Figure 4c. When the sand content is low (such as 15% in this paper), the sand particles are sparsely distributed in the cement soil, and the microcracks in the cement soil easily expand between the sparse sand particles. The failure mode of the sample is between the column fracture failure of the pure cement soil sample and the shear fracture failure of the high sand content sample, and the macroscopic failure mode is the core fracture failure mode, as shown in Figure 4b.





3.2. Dry–Wet Cycle Test


The relationship between the number of dry–wet cycles N and the UCS of the CS-SS samples is shown in Figure 5.



3.2.1. Influence of Sand on The Dry–Wet Cycle Characteristics of Cemented Soil


It is apparent from Figure 5 that the UCS of the CS-SS samples slightly increased first and then decreased with the increase of the number of dry–wet cycles under freshwater conditions, and decreased with the increase of the number of dry–wet cycles under seawater conditions, whereas the UCS of the control group samples increased with the increase of curing age. Moreover, the strength degradation of the CS-SS samples caused by the dry–wet cycle under seawater conditions was more remarkable than that under freshwater conditions. According to Equation (1), the average strength loss rate of the CS-SS samples after two dry–wet cycles could be obtained, as shown in Figure 6. Whether for freshwater or seawater dry–wet cycles, the average strength loss rate of the CS-SS samples after two dry–wet cycles increased with the increase of the sand particle size and decreased with the increase of sand particle content. When the sand particle size remained unchanged, the increase of sand particle content led to a denser distribution of sand particles in the cemented soil and more hydration products covering the surface of sand particles, forming a more compacted cementitious skeleton structure, which increases the ability to resist the structural destruction caused by the dry–wet cycle. When the sand particle content was kept unchanged, the sand particle size decreased, the specific surface area of sand particles increased, and the adhesion area of cement hydration products increased; this made the continuous bonding structure more compact, and the dry–wet cycle resistance of the sample increased. Therefore, the addition of fine sand can better improve the resistance of the cemented soil to the dry–wet cycle erosion when the sand particle content remains unchanged.




3.2.2. Physical Mechanism Explanation of the Influence of Sand on the Dry–Wet Cycle Characteristics of Cemented Soil


To analyze the evolution of the microstructure and mineral composition of the CS-SS samples during the dry–wet cycle under seawater and freshwater conditions, the samples of the unconfined compression test corresponding to each round of dry–wet cycle were tested by SEM and XRD. The test results are shown in Figure 7, Figure 8, Figure 9, Figure 10 and Figure 11.



Figure 7 shows the SEM images of the CS-SS samples with the coarse sand in seawater under different dry–wet cycles. The microstructure of the samples before the dry–wet cycle test was compacted, as shown in Figure 7a, and the hydration products of cement effectively cemented the soft soil particles to form an inlay-like cementitious structure with high strength. The XRD test results in Figure 10 show that the hydration product was C-S-H gel, and its diffraction peak decreased considerably with the increase of the number of dry–wet cycles, indicating that the C-S-H gel decreased with the increase of the number of dry–wet cycles. After one dry–wet cycle, with the decrease of hydration products, large microcracks appeared, as shown in Figure 7b, resulting in microstructure damage and strength degradation. After two dry–wet cycles, the microcracks in the samples continued to develop, the cemented soil aggregates cemented on the surface of the sand particles gradually peeled off (as shown in Figure 7c), the overall cementitious structure of the samples was destroyed, and the strength greatly decreased, which was consistent with the macroscopic test results given in Figure 5c.



Figure 8 shows the SEM images of the CS-SS samples with different sand particle sizes after two dry–wet cycles under freshwater conditions. After two dry–wet cycles, small and dense microcracks appeared in the cemented soil near the sand particles in the CS-SS sample with fine sand (as shown in Figure 8a), and the cementation of the sample was good, and the strength was high. In the medium sand samples, continuous large and long microcracks appeared in the cemented soil around the sand particles (as shown in Figure 8b), the cementation effect between sand particles and the cemented soil aggregates decreased, and the strength of the sample decreased. In the coarse sand samples, the cemented soil aggregates fell down from the sand particle surface (as shown in Figure 8c), the samples had large fractures, the microstructure was destroyed, and the strength was greatly reduced.



Figure 9 shows the SEM images of the CS-SS samples with fine sand after two dry–wet cycles under seawater and freshwater conditions. Table 3 shows the high concentration of corrosive ions (    C l   −    ) in seawater, and the chloride ions (    C l   −    ) reacted with tricalcium silicate (    3 C a O · S i O   2    ) in the cement in the hydration reaction to generate Friedel’s salts (    3 C a O ·   A l   2   O   3   ·   C a C l   2   ·   10 H   2   O  ) without cementation [28,29]. On the one hand, this reaction consumed tricalcium silicate in the cement and reduced the production of cement hydration products (C-S-H gel). On the other hand, the Friedel’s salt covered the surface of cement particles and soil particles, which inhibited the continuation of the cement hydration reaction and reduced the cementation effect and strength of the CS-SS samples. Figure 10a,b show the mineral composition of the control group of the samples and the first and second rounds of freshwater/seawater dry–wet cycle tests, respectively. Figure 10c shows the mineral composition of samples from the control group and the two-cycle freshwater/seawater dry–wet cycle test. The main differences are the No.5 diffraction peak and the No.6 diffraction peak; that is, the composition of C-S-H gel and Friedel’s salt changed greatly. Among them, the C-S-H gel content of the control group was the highest, followed by the freshwater circulation group, and the seawater circulation group was the lowest. Figure 10a showed that the Friedel’s salt diffraction peaks of the freshwater dry–wet cycle samples were not obvious and remained unchanged with the number of dry–wet cycles. It can be seen from Figure 10b that the Friedel’s salt increases as the number of dry–wet cycles of the sample increases, indicating that the Friedel’s salt continued to be generated as the number of dry–wet cycles increases. The hydration product C-S-H gel is a crystalline phase that can be found in the XRD pattern. It is generally present in the diffraction peak of 20°–40°, which is consistent with the results of Millogol et al. and Wahab et al. [30,31]. It can be seen from Figure 10c that Friedel’s salt occurs only in a large number of samples in the seawater circulation group. Because the corrosive ions (    C l   −    ,     S O   4   2 −    , and     M g   2 +    ) in seawater will cause sample degradation, high concentrations of     C l   −     will react with     C a   2 +     to form Friedel’s salt. Therefore, in the case of seawater conditions, due to the influence of corrosive ions, the microcracks of the samples were distributed more widely and extended further. The integrity of the cement skeleton structure was reduced, and the strength of the samples had a greater decrease compared with that under freshwater conditions, which was consistent with the macroscopic test results reflected in Figure 6.




3.2.3. Effect of Sand Particle Content on Chloride Ion () Erosion Resistance of the CS-SS Samples


The CS-SS samples with 5% and 15% sand particle content were subjected two dry–wet cycles, and the samples with different dry–wet cycles were taken out for an ion chromatography test.



In the case of the results of the ion chromatography test, the larger the peak area of the element was, the greater the concentration of the ions [32]. Figure 11a,b showed that the peak area of     C l   −     in the CS-SS samples with 5% sand particle content was 0.47 μS·min after one dry–wet cycle in seawater and the peak area increased to 0.95 μS·min after two dry–wet cycles. It can be seen from Figure 12 and Table 5 that after separation by the ion chromatography column, the     C l   −     content also increased from 137.80 mg/L to 299.50 mg/L by increasing the number of dry–wet cycles from 1 to 2, an increase of 117.34%. As the number of dry–wet cycle increased the erosion of     C l   −     in the sample increased and the corresponding Friedel’s salt generated increased, which was consistent with the XRD test results in Figure 10b, and the corresponding UCS of the samples decreased. In addition, compared with Figure 11b,c and Table 5, the peak area of     C l   −     in the CS-SS samples with 5% and 15% sand particle content after two dry–wet cycles decreased with the increase of sand particle content, the     C l   −     content also decreased from 299.50 mg/L to 255.71 mg/L, a decrease of 14.62%. This indicates that the increase of sand particle content was capable of increasing the ability of the samples to resist   C l   erosion, which was consistent with the macroscopic test results reflected in Figure 6.






4. Conclusions


	(1)

	
Sand particles can effectively increase the UCS and improve the anti-dry–wet cycle ability of the CS-SS. The 7, 14, and 28 d UCS of the CS-SS samples increases with an increase in sand particle content, and their anti-dry–wet cycle ability increases with an increase in the sand particle content and a decrease in the sand particle size.




	(2)

	
The UCS of the CS-SS samples decreases sharply after two dry–wet cycles. The strength deterioration effect caused by the dry–wet cycle of the samples under seawater conditions is more remarkable than that under freshwater conditions.




	(3)

	
The C-S-H gel produced by the hydration of cement in the CS-SS and the cemented soil-sand particle skeleton structure formed by the sand particles are the microphysical mechanism for the improvement of its UCS and resistance to the dry–wet cycle. The multiscale deterioration mechanism of the strength of the CS-SS during dry–wet cycles can be interpreted as follows: As the number of dry–wet cycles increases, short and dense microcracks appear at the microscale, destruction of the cementation interface is generated at the mesoscale, and the reduction of the UCS of the CS-SS is induced at the macroscale.




	(4)

	
Through the SEM scanning electron microscope test, it was found that with the increase in the number of dry–wet cycles, the cementation interface between the particles in the sample was destroyed, and the cracks increased with the increase in the number of cycles, destroying the sample structure. Seawater is more corrosive to the sample, and the phenomenon of stratification and spalling between particles is more pronounced. The structure of the fine sand-solidified soil is relatively more complete and the strength loss is smaller, followed by medium sand and coarse sand. Through XRD mineral composition analysis, it was found that the freshwater/seawater dry–wet cycles reduce the hydration products in the sample, resulting in a decrease in the strength of the sample. Since the corrosive ions in seawater will destroy the hydration products and form Friedel’s salt with poor cementation, which is unfavorable to the strength of the sample, the hydration products are greatly reduced after seawater circulation, so the strength reduction is greater.
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Figure 1. Distribution map of soil collection points. 
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Figure 2. Relationship between the UCS of the CS-SS samples and the sand particle content; (a) curing age 7 d; (b) curing age 14 d; (c) curing age 28 d. 
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Figure 3. SEM pictures of the CS-SS samples (medium sand,    α s    = 15%); (a) 500×; (b) 1000×; (c) 2000×. 
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Figure 4. Failure modes of the CS-SS samples; (a)    α s   =  0 %  , column split type; (b)    α s   = 1  5 %  , core split type; (c)    α s   =  30 %  , shear split type. 
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Figure 5. Figure 5. Relationship between dry–wet cycles and UCS of the CS-SS samples; (a) fine sand; (b) medium sand; (c) coarse sand. 
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Figure 6. Relationship between UCS and sand particle content of CS-SS samples after two dry–wet cycles (the number is the average strength loss rate after the dry–wet cycle). 
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Figure 7. SEM pictures of coarse sand-cement-solidified samples under different dry–wet cycles in seawater (αs = 15%); (a) curing age 28 d; (b) after a dry–wet cycle; (c) after two dry–wet cycles. 
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Figure 8. SEM pictures of sand-cement-solidified samples with different sand particle sizes under two dry–wet cycles in freshwater (αs = 15%); (a) fine sand; (b) medium sand; (c) coarse sand. 
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Figure 9. SEM pictures of sand-cement-solidified samples with fine sand under two dry–wet cycles in freshwater and seawater (αs = 15%); (a) curing age 28 d; (b) freshwater, N = 2; (c) seawater, N = 2. 
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Figure 10. Mineral composition of the CS-SS samples (medium sand, αs = 15%); (a) freshwater, different dry–wet cycles; (b) seawater, different dry–wet cycles; (c) N = 2, seawater and freshwater results. 
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Figure 11. Ion chromatography test results of the CS-SS samples under seawater conditions; (a) seawater, N = 1 (medium sand, αs = 5%), the peak area of     C l   −     is 0.47 μS·min; (b) seawater, N = 2 (medium sand, αs = 5%), the peak area of     C l   −     is 0.95 μS·min; (c) seawater, N = 2 (medium sand, αs = 15%), the peak area of     C l   −     is 0.82 μS·min. 
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Figure 12. Standard curve of     C l   −     in the laboratory. 






Figure 12. Standard curve of     C l   −     in the laboratory.



[image: Applsci 13 08844 g012]







[image: Table] 





Table 1. Physical and mechanical properties of South China coastal soft soil in different districts.
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	Extraction Points
	Location
	Water Content/%
	Density /G/Cm3
	Void Ratio E
	Liquid Limit/%
	Plastic Limit/%
	Liquidity Index
	Plasticity Index
	Organic Content/%





	1
	Foshan
	73.7
	1.63
	1.83
	42.5
	25.6
	2.85
	16.9
	3.80



	2
	Nanhai
	70.7
	1.65
	1.72
	49.9
	28.1
	1.95
	21.8
	3.65



	3
	Panyu
	64.0
	1.72
	1.51
	43.8
	26.9
	2.20
	16.9
	0.90



	4
	Jiangmen
	52.7
	1.69
	1.41
	47.6
	29.6
	1.28
	18.0
	3.60



	5
	Guangzhou
	72.7
	1.55
	1.93
	46.7
	28.0
	2.37
	18.7
	0.23



	6
	Guangzhou
	70.9
	1.58
	1.86
	50.6
	29.3
	1.95
	21.3
	1.82



	7
	Zhongshan
	65.7
	1.69
	1.61
	53.4
	26.7
	1.46
	26.7
	4.62



	8
	Zhuhai
	64.3
	1.68
	1.59
	52.4
	26.5
	1.46
	25.9
	3.82



	9
	Dongguan
	68.9
	1.54
	1.90
	58.1
	32.6
	1.42
	25.5
	2.38



	10
	Shenzhen
	65.7
	1.69
	1.57
	47.9
	25.5
	1.79
	22.4
	1.65



	11
	Zhongshan
	66.7
	1.71
	1.58
	55.1
	26.6
	1.39
	29.5
	4.13
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Table 2. Main chemical compositions of cement expressed as relative oxides of the elements by XRF analysis.
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	Composition
	CaO
	Fe2O3
	SiO2
	Al2O3
	MgO
	SO3
	Loss





	Content (%)
	62.36
	4.27
	22.65
	5.74
	0.85
	1.08
	1.03
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Table 3. Compositions of artificial seawater, expressed as the concentration of salt in the water.
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	Composition
	NaCl
	MgCl2
	Na2SO4
	CaCl2
	KCl
	NaHCO3
	KBr
	H3BO3
	SrCl2





	Dosage (g/L)
	24.53
	5.20
	4.09
	1.16
	0.695
	0.201
	0.10
	0.027
	0.025
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Table 4. UCS tests and dry–wet cycle test schemes of the CS-SS samples.
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	Tests Series
	Tests Classification
	αs/%
	d/mm
	Curing Age/d
	N/freq.
	Soaking Condition
	Control Group/d
	Number of Samples





	1
	UCS
	0, 2, 5, 10, 15, 30
	0.075~0.25
	7, 14, 28
	0
	/
	/
	45



	2
	UCS
	0, 2, 5, 10, 15, 30
	0.25~0.5
	7, 14, 28
	0
	/
	/
	45



	3
	UCS
	0, 2, 5, 10, 15, 30
	0.5~1.0
	7, 14, 28
	0
	/
	/
	45



	4
	Dry–wet cycle
	0, 5, 15
	0.075~0.25
	28
	1, 2
	Seawater, Freshwater
	58, 88
	72



	5
	Dry–wet cycle
	0, 5, 15
	0.25~0.5
	28
	1, 2
	Seawater, Freshwater
	58, 88
	72



	6
	Dry–wet cycle
	0, 5, 15
	0.5~1.0
	28
	1, 2
	Seawater, Freshwater
	58, 88
	72







Note: The control group in the table denotes the samples that are routinely maintained at a constant temperature and humidity without a dry–wet cycle; the sand particle content is the mass ratio of dry sand to dry soft soil; the cement content is the mass ratio of dry cement powder to dry soft soil. N denotes the number of dry–wet cycles.
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Table 5. Mass concentration of     C l   −     in the CS-SS samples under seawater conditions.
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	Group
	Laboratory Blank Sample
	Seawater, N = 1, Medium Sand,

αs = 5%
	Seawater, N = 2, Medium Sand,

αs = 5%
	Seawater, N = 2, Medium Sand,

αs = 15%





	Peak area (μS·min)
	0.03
	0.47
	0.95
	0.82



	  Mass   concentration     ρ   (mg/L)
	-
	137.80
	299.50
	255.71
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