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Abstract

:

Engineering slag is a green building material that meets the requirements of contemporary sustainable development, and the solidification technology of residue is particularly important in the practical engineering of resource utilization and environmental protection. In order to reuse the waste soil and industrial waste and reduce the construction cost, the stabilization effect of adding different contents of calcium oxide, blast furnace slag and phosphogypsum to the waste soil of a township road reconstruction project was studied. The unconfined compressive strength test of calcium oxide further clarified the solidification mechanism of residual soil and helped us to obtain the optimal curing ratio. The dry and wet cycle test simulated the influence of temperature and humidity changes on the appearance, quality, strength and water resistance in actual engineering. The experimental results show that the unconfined compressive strength of the sample reaches 1.273 MPa after 7 days of curing when the mixture of 4% calcium oxide (ratio to 100% plain soil) and 16% blast furnace slag (ratio to 100% plain soil) is mixed. When the three materials were mixed, the unconfined compressive strength of 4% calcium oxide (the ratio of 35% phosphogypsum and 65% plain soil) and 16% blast furnace slag (the ratio of 35% phosphogypsum and 65% plain soil) reached 1.670 MPa and 3.107 MPa at 7 and 28 days, respectively. The curing age has a significant promoting effect on the stability of loess. The dry and wet cycle test results conclude that the specimens have good durability and stability. The results of microstructure analysis shows that a large number of ettringite and C-S-H gel were formed in the gelling system, which not only makes the original soil more stable, but also acts as a part of filling pores, and the two work together to support the soil and improve the strength.
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1. Introduction


Currently, China is actively engaged in urban construction efforts, resulting in an increasing generation of construction residue during the process. The accumulation of such residues can potentially lead to the infiltration of harmful substances into soil and groundwater, thereby causing environmental pollution. Additionally, excessive residue accumulation may also encroach upon valuable land resources and restrict the city’s development space. Measures that can be implemented include the rational planning of waste storage and recycling.



Through the work conducted by Xing et al. [1], including engineering geological mapping, drilling, in situ testing, and laboratory tests, the physical and mechanical properties as well as engineering geological characteristics of soft soil were determined. Additionally, the spatial distribution and physical properties of soft soil were analyzed. Zhang [2] investigated the causes of instability in engineering soft soil foundations. The research findings revealed that soft soil embankment foundations exhibit a high moisture content, a large pore ratio, medium–high compressibility, and medium–high sensitivity, among other characteristics. Consequently, it can be inferred that engineering soft soil also possesses attributes such as a high clay content, high compressibility, and low bearing capacity. Therefore, direct utilization of such construction residue as filling material is deemed unsuitable.



In order to solve the problem of the cost-effective utilization of engineering soft soil, scholars at home and abroad have carried out some studies, so that the solidification technology of engineering soft soil has made remarkable progress.



Huang and Zhou [3] investigated the hardening mechanism of cement-stabilized residual soil. The strength of cementitious reinforcements primarily derives from the cement hydration products’ cementation process. Liang et al. [4] examined the stabilization of soft soil in Nansha, Guangzhou using lime and cement, comparing experiments with varying curing agent contents. They concluded that the strength of stabilized soft soil gradually increased with higher curing agent content and determined that a combination of 15% + 10% lime yielded optimal stabilization effects. Saadeldin [5] assert that clay is a fine-grained soil exhibiting high plasticity, easy consolidation, and low shear strength.



However, at present, traditional silicate cement consumes a large amount of resources and energy during its production and application. If cement is used as a building material for a long time and put into large batch production, it will not only produce a high project cost, but also cause a serious impact on the environment and will be harmful to the human body in the process of production and processing. Globally, cement production generates about 800 million tons of carbon dioxide equivalent by 2020, the equivalent of carbon dioxide emissions from all international air transport. In order to solve this series of problems, scholars at home and abroad have been actively exploring ways to reduce or replace cement.



Miao et al. [6] utilized the synergistic effect of semi-aqueous phosphogypsum (HPG), grey calcium powder and cement-cured raw phosphogypsum (RPG) to formulate a composite cementing material based on phosphogypsum (PBCM). Single-factor experiments were conducted to investigate the impact of the HPG content on the performance of PBCM slurry. Furthermore, an orthogonal experiment was carried out to examine the influence of each admixture on the strength and water resistance of PBCM. Dong et al. [7] utilized a modified β-phosphogypsum hemihydrate (MPG) consisting of 50% β-hemihydrous phosphogypsum, 23% slag, 15% phosphorus slag, 10% clinker, and 2% quick lime to effectively solidify and stabilize lead-bearing sludge. Their findings indicate that the MPG solidifying material exhibits significant curative properties on lead-bearing sludge, resulting in not only reduced cement consumption but also offering a novel avenue for the resource utilization of phosphogypsum. Bian et al. [8], based on the curing performance and mechanism of industrial waste slag, studied the curing soft soil of single blast furnace slag, phosphogypsum and cement; it was concluded that Portland cement exhibited a higher solidification effect compared to blast furnace slag and phosphogypsum. Furthermore, an optimal mass ratio of Portland cement, blast furnace slag, and phosphogypsum was determined by developing a compound coagulant formula with excellent solidification performance.



The aforementioned article has significantly contributed to the research on cement reduction, optimal ratio analysis, enhanced durability investigation, plasticity index control, etc., and elucidates the role of various additives in diverse scenarios. Furthermore, by reducing cement consumption, it is possible to fully exploit solid waste resources and transform them into valuable assets. Nevertheless, the substantial amount of cement still poses a significant environmental impact and there remains ample room for improvement in terms of curing effectiveness.



The present study employs three types of curing agents, namely calcium oxide, hemihydrate phosphogypsum, and blast furnace slag, as materials for solidification. By fully utilizing the waste products of phosphogypsum and blast furnace slag, this research aims to propose a cost-effective and environmentally friendly alternative to cement for stabilizing soft soil in engineering projects. Through two compounding tests, the optimal ratio of curing agent is determined after considering factors such as low cost and comparable curing effectiveness to cement. A superior compound coagulant formula is developed based on these findings, with its solidification performance extensively investigated [9,10,11,12,13,14]. Furthermore, selected samples with the best proportions are subjected to dry–wet cycle experiments following previous tests. Finally, scanning electron microscopy (SEM) analysis is employed to examine the microstructure of solidified soft soil and elucidate the mechanism behind this composite coagulant’s efficacy. This approach effectively contributes towards environmental protection by utilizing waste materials while expanding options for road construction materials.




2. Experimental Materials, Experimental Apparatus and Experimental Protocols


2.1. Experimental Material


Soil: the specimen was selected from the section Z2K0 + 100−K0 + 245 in the road reconstruction project of 254 Provincial Road from Xinjiangkou Town of Songzi City to 355 Provincial Road in the town of Shimizu, with a depth of about 5 m. After collection, the soil mass was stored in a dry place, dried in batches, and then placed in a storage box. Figure 1 illustrates the topography of this specific area.



Sets of sieves: the set of sieves with sizes of 5 mm, 2 mm, 1 mm, 0.63 mm, 0.5 mm, 0.25 mm, 0.1 mm, 0.075 mm were measured and their set curves are shown in Figure 2, which shows that the curves are relatively flat, with a large difference in particle size, non-uniform particles, and a good gradation.



According to Highway Geotechnical Test Regulatio [15], laboratory testing was conducted on soil samples to determine their mechanical properties and chemical composition (refer to Table 1 and Table 2). The results indicate that the excavated samples exhibit a favorable moisture content, non-uniformity coefficient > 5, curvature coefficient ranging from 1 to 3, and well-graded particle distribution. Additionally, the soil contains high levels of SiO2, AI2O3, and CaO, which readily react with calcium oxide, blast furnace slag, and phosphogypsum—three common curing agents—resulting in a significant production of calcium silicate and ettringite. This reaction greatly enhances the effectiveness of the curing process.



Curing reagents: the selection of a commonly used curing agent calcium oxide, phosphogypsum, and blast furnace slag. Calcium oxide was from a chemical company in Tianjin, and had the appearance of a white slightly grey powder, with a density 3.30, and a certain degree of corrosiveness. Phosphogypsum and blast furnace slag are produced by a chemical plant in Wuhan and an iron and steel plant in Wuhan; the appearance of phosphogypsum and blast furnace slag are grey. The SO3 and CaO content of phosphogypsum is 79.11%, while the SiO2 and CaO of blast furnace slag account for 77.5%, and the chemical compositions of each reagent are shown in Table 3, respectively.




2.2. Experimental Instruments


Dryer: The dryer is a type of equipment used for drying samples in the laboratory. The dryer has a voltage of 220 V and a power of 6000 W, with a temperature range of room temperature to 300 °C. It has a size of 500 mm × 600 mm. Its dimensions are 500 mm × 600 mm × 750 mm.



Compaction apparatus: The compaction apparatus is a type of equipment used for tamping experimental specimens, reducing the pore space of specimens and increasing the compactness of soil samples. In the unconfined compressive strength test, in order to obtain accurate and reliable test results, it is necessary to use the compaction method for the tamping of the test block in this experiment is used in the ordinary compaction mold, the size of 50 mm × 100 mm.



Jack stripper: a Hantang vertical hydraulic jack, with an approved load capacity of 10T, was used.



No side limit compressive strength test: for this test a WDW-10E microcomputer control electronic general testing machine from Wuhan Zhanhua Science and Technology Co.




2.3. Experimental Program


2.3.1. Specimen Preparation and Maintenance


According to the experimental specification [15], the treated soil sample is mixed with a specific proportion of reagents. Then, an optimal water content (certain proportion of laboratory water) is added, and the mixture is stirred at a constant speed for 5 min using a mixer. This ensures that each component combines uniformly with water to form a high-quality mixture. Subsequently, the mixture is loaded into a lightweight compacted steel mold measuring 50 mm × 100 mm (petroleum jelly needs to be evenly applied inside the mold initially). To prevent faults between each layer, it is necessary to shave each layer before loading it onto the next layer of mix. By repeating this process three times, a dense test block is formed which can then be pushed out using a jack. Finally, each test block is sealed with plastic wrap and tape and labeled accordingly. Additionally, two parallel samples are required for each test block. After preparation, all test blocks are placed under standard laboratory conditions (temperature: 20 ± 2 °C; humidity: 95%) for curing purposes, as depicted in Figure 3.




2.3.2. Unconfined Compressive Strength of UCS


In order to ensure optimal strength, two different curing agents, calcium oxide and blast furnace slag, were selected for single and compound mixing with a specific proportion of soil (maintained for 7 days). The resulting data changes were analyzed to determine the optimal ratio. Additionally, a certain proportion of hemihydrous phosphogypsum was mixed with soil samples and maintained for 7 and 28 days. After maintenance, test blocks were extracted according to the “Highway Geotechnical Test Regulations”. Unconfined compressive strength tests were conducted using an electronic universal testing machine at a vertical loading rate of 1 mm/min. The test was stopped when obvious cracks appeared in the test block and the stress–strain curve reached its peak or tended towards stability. The peak data were recorded in Table 4 and must comply with the design specifications for highway cement concrete pavement [16].




2.3.3. Dry and Wet Cycle Test


The dry and wet cycle test is a commonly employed method in the field of solidified soil to investigate the stability of solidified soil under alternating wetting and drying conditions. Its objective is to simulate the natural drying and wetting cycles experienced by solidified soil, as well as evaluate its durability and erosion resistance. Considering the local circumstances, samples mixed with E2, C3, and F3 in three different ratios were extracted based on the aforementioned experiments. The samples were prepared following the mentioned methods and ratios. After curing for 28 days, they underwent 1, 3, and 5 dry–wet cycles (one set of test blocks was immersed in clean water at approximately 20 °C with a distance of about 30 mm between its surface and the water surface). They were soaked for 12 h before being removed. Subsequently, the specimens were either air-dried indoors or dehumidified using a water filter. Finally, they were placed in an electric blast drying oven at a temperature of 40 ± 2 °C for another 12 h to complete one dry–wet cycle. Unconfined compressive strength experiments were conducted to compare E2, C3, and F3 samples in terms of appearance changes, quality variations, and strength alterations while analyzing their underlying reasons.




2.3.4. Microscopic Experiments


After conducting the compressive strength test, a soil sample with an observation area of approximately 5 mm × 5 mm, a thickness less than 2 mm, and a flat surface was carefully selected. Subsequently, the sample underwent drying in an oven at 50 °C for a duration of 12 h. Following this treatment, the sample surface was subjected to pretreatment using vacuum metal spraying technology to minimize any interference caused by charge and discharge during scanning and recording of the sample. The European CarlZeiss Zeiss SIG-MA field strain-emission scanning electron microscope was employed for this experiment, offering a resolution of 1.3 nm (20 kV) and 12.8 nm (1 kV), with an acceleration voltage ranging from 0.1 kV to 30 kV.






3. Experimental Results and Analysis


3.1. Calcium Oxide and Blast Furnace Slag Single Mixing Test


According to the results of the single mixing test depicted in Figure 4a,b, it can be observed that for both curing agents, namely calcium oxide and blast furnace slag, which were maintained for only 7 days, the compressive strength of specimens composed of calcium oxide and blast furnace slag increased with an increase in their mixing amount. However, after reaching a certain mixing amount, the compressive strength began to decrease. The highest recorded compressive strength was 0.610 MPa when the content of calcium oxide was 6%, while it reached its peak at 0.780 MPa when the content of blast furnace slag was 10%. In comparison to plain soil’s compressive strength of 0.257 MPa, the addition of these two curing agents individually resulted in an increase in plain soil’s compressive strength by approximately 137% and 204%, respectively.



The increase in strength is attributed to a series of physical and chemical reactions between calcium oxide and soft soil, encompassing ion exchange, crystallization, pozzolanic reaction, and carbonation. Initially, upon the addition of calcium oxide, hydration reaction takes place, resulting in the generation of abundant Ca2+ ions. These Ca2+ ions displace other ions within the soft soil through ion displacement to form hydrates such as calcium silicate hydrate (C-S-H) and calcium aluminate hydrate (C-A-H). The formation of these hydrates enhances the cementitious properties of soft soil, thereby improving its compressive strength. However, as the hydration reaction progresses, an excessive amount of Ca(OH)2 crystals precipitate and fill the structure of soft soil, leading to internal pore formation. The presence of these pores diminishes the curing effect exerted by calcium oxide on soft soil. Consequently, the curing effect is influenced by precipitation of Ca(OH)2 during the hydration reaction; while it increases compressive strength to a certain extent, excessive crystal precipitation results in pore formation, which reduces its overall effectiveness [17,18].



The single mixing experiment of blast furnace slag can produce a fibrous cementing material with specific structural characteristics and certain strength upon hydration, such as calcium silicate hydrate (C-S-H) and calcium aluminate hydrate (C-A-H) [19]. These cementing substances fill the pores in the solidified soil and form gelling, effectively achieving the purpose of consolidating soft soil. However, blast furnace slag (GGBS) has a stable network structure primarily composed of Si-O, Ca-O, and Mg-O bonds that are difficult to break down. Therefore, when adding only 10% blast furnace slag, the maximum compressive strength can only reach 0.780 MPa, which falls short of meeting engineering construction requirements.




3.2. Calcium Oxide and Blast Furnace Slag Compounding Test


According to the results of the calcium oxide and blast furnace slag compounding test, shown in Figure 5, the following can be observed when CaO is mixed. According to the test results depicted in Figure 5, it can be observed that when calcium oxide (CaO) and blast furnace slag (GGBS) are mixed, the following conditions arise. When the content of calcium oxide is 1%, there is no significant change.



Increase in the strength of solidified soil: However, at calcium oxide contents of 2%, 4%, and 6%, there is a significant increase in strength for these three groups. The combinations of CaO at 2% with GGBS at 14%, CaO at 4% with GGBS at 16%, and CaO at 6% with GGBS at 12% exhibit the highest strength. The unconfined compressive strengths for these three composite ratios of solidified soil were, respectively, measured as follows: 1.065 MPa, 1.273 MPa, and 1.192 MPa. Compared to plain soil, these three combinations show improvements by factors of 314%, 395%, and 364%, respectively. With an increasing content of blast furnace slag (GGBS), the strength of solidified soil will be improved to a greater extent. However, as the content of calcium oxide gradually increases, the unconfined compressive strength initially increases but then decreases. In other words, increasing the calcium oxide content initially significantly improves the strength, but as it continues to increase, the unconfined compressive strength reaches an optimal point and subsequently declines. In tests involving mixing calcium oxide with blast furnace slag, a reasonable selection of their respective contents can significantly enhance the strength of the solidified soil; however, having excessively high levels of calcium may lead to a reduction in the curing effect.



When blast furnace slag (GGBS) is added to soft soil, the silicon–oxygen and calcium–oxygen bonds in GGBS are disrupted upon contact with water, resulting in the release of ions such as (H3SiO4)−, (H4A1O4)−, (H2SiO4)2−, and Ca2+ into the water [20]. The water becomes enriched with Ca2+, which facilitates the breakage of silica–oxygen bonds due to their relatively high bond energy. Additionally, aluminum and silicon substances on the surface of pelletized blast furnace slag powder contribute to this process. As hydroxide in the water is consumed, there is a gradual increase in pH value; however, this reaction occurs at a relatively slow rate and does not generate sufficient OH− content for the extensive formation of hydrated calcium silicate. Conversely, when calcium oxide interacts with GGBS, it produces calcium hydroxide, which effectively enhances the OH− content within the soil. This leads to the accelerated breaking of Si-O and Al-O bonds while promoting hydration reactions that result in an abundance of AI2O3 and SiO2 hydration compounds. Consequently, these reactions expedite hydration processes and improve the overall strength [21].




3.3. Calcium Oxide, Blast Furnace Slag and Phosphogypsum Compound Mixing Test


The experimental results presented in Figure 6 demonstrate that the properties of the mixed soil are significantly influenced by the content of the curing agent and curing age, directly impacting the engineering properties of the cured mixed soil. After a 7-day curing period, it was observed that an increase in phosphogypsum content initially led to a slow rise in the compressive strength of the cured mixed soil, followed by a gradual decrease. At a phosphogypsum content of 20%, the solidified soil sample exhibited its lowest strength value at 1.148 MPa. However, as the phosphogypsum content continued to increase, the strength gradually improved but at a relatively slower rate until reaching stability. When using a phosphogypsum content of 35% with soil at a mixing ratio of 65% (PG*Soil), the solidified soil sample achieved its highest strength value at 1.670 MPa. Compared to plain soil, this optimal combination involving calcium oxide, blast furnace slag, hemihydrous phosphogypsum and plain soil resulted in an impressive increase in strength by 550% after seven days of curing. Furthermore, compared to samples without phosphogypsum, there was also an additional increase in strength by 31.2%. Based on these research findings, an optimum ratio for calcium oxide, blast furnace slag and hemihydrous phosphogypsum can be determined after seven days of maintenance for practical applications as an alternative material meeting medium and light traffic base requirements for certain pavements.



The results indicate that the unconfined compressive strength curve of the 28-day cured test block exhibits a more pronounced upward trend and a relatively moderate downward trend compared to that of the 7-day cured test block. At a phosphogypsum content of 10%, the solidified soil sample reaches its lowest strength.



It had a value of 2.175 MPa after 28 days of curing. Subsequent strength does not exhibit any significant upward trend with the gradual increase in phosphogypsum content, except when it reaches a content of 35%, where the solidified soil sample achieves its highest strength value of 3.107 MPa. Compared to their respective strengths during the initial 7-day curing period, there is an average increase in strength by percentages: 83%, 80%, 118%, 76%, 84% and 86%. On average, there is an overall increase in strength by approximately 87.8 percent. In summary, age has a certain influence on unconfined compressive strength. The test blocks cured for 28 days demonstrate a more evident upward trend as the phosphogypsum content gradually increases compared to those cured for only seven days, resulting in an overall higher level of strength. This indicates that extending the curing time can further enhance the compressive mixed soil.



When the phosphogypsum content is relatively low, phosphogypsum acts as a curing agent during the curing process, exhibiting a reaction mechanism similar to that of cement and phosphogypsum [22,23,24]. The hydration reaction of cement produces calcium hydroxide, calcium silicate, calcium chlorate, and other products. Upon formation of these hydration compounds, some continue to undergo hardening reactions to form a cement stone skeleton, while others react with surrounding clay particles through ion exchange, agglomeration, and hardening reactions. This significantly enhances the strength of the solidified soil. Simultaneously, the expanding material fills in the pores of the solidified soil, increasing its density and strength. However, the excessive generation of expansive mineral components (such as ettringite) may lead to the destruction of the calcium silicate formed by quicklime’s hydration reaction and subsequently result in the decreased strength of solidified soil [25,26]. When there is a high content of phosphogypsum present, it no longer functions solely as an additive but also becomes part of the solidified soil structure. Compared to soil particles themselves, phosphogypsum has a smaller particle size, which gradually increases sanding within the soil matrix, leading to increased pore volume and stabilization in structure.




3.4. Stress–Strain Curve


The stress–strain curves of phosphogypsum with different proportions at 7 days and 28 days are depicted in Figure 7b,c, respectively. It can be observed from figure that the stress–strain diagram exhibits four distinct stages, namely elastic rising stage, plastic rising stage, limit stage, and falling stage [27]. Initially, the test sample is compacted and the primary pores in the specimen are compressed, initiating the stable bearing stage. The relationship between stress development and strain approximates a linear pattern with a gradual increase in stress. Simultaneously, the slope of linearity increases with increasing strength value. As strain continues to increase beyond its failure threshold, deformation enters into the second phase of plastic rise where numerous interface cracks appear within the specimen; both their number and length gradually increase as the load intensifies. Brittle failure occurs when solidified soil reaches its ultimate compressive strength. Subsequently, as strain increases further, the curve stabilizes until reaching its peak, at which point it enters into a limit stage characterized by longitudinal cracks parallel to compression direction before transitioning into a descending section, indicating imminent failure of the specimen. Finally, strain continues to increase until complete failure of the test block.



The ultimate stress–strain refers to the state of failure of a material when subjected to external forces, and its value is an important indicator of material toughness and compressive deformation [28]. As depicted in Figure 7b, the stress–strain range for specimens cured for 7 days is 0.8–1.2, while that for specimens cured for 28 days (as shown in Figure 7c) is 0.8–1.5. The stress–strain curves of phosphogypsum with different contents exhibit similar shapes, with no apparent cracks observed prior to reaching the peak load. Upon reaching the peak stress, small cracks become visible and rapidly develop into larger macro cracks. Consequently, there is a rapid decline in load resulting in a steeper stress–strain curve, until the stress drops to approximately 20–30% of the peak stress level. In comparison to those cured for only 7 days, test blocks cured for 28 days display more pronounced brittle failure characteristics primarily due to ongoing internal hydration and other chemical reactions during later stages where internal water consumption persists; however, this leads to denser structure formation and continuous strength enhancement.




3.5. Effect of Wet and Dry Cycles on Different Phosphogypsum Dosages


Figure 8 and Figure 9 depict the effects on the cured soil in terms of morphology, mass, and unconfined compressive strength (UCS) after 0, 1, 3, and 5 wet and dry cycles for E2, C3, and F3 curing for 28 d, respectively.



According to the specified conditions of the specimen and as depicted in Figure 9, following one, three, and five cycles of drying and wetting, varying degrees of surface damage were observed. Sample E2 exhibited numerous pores on its surface, which gradually increased in number and size with each cycle, accompanied by the emergence of some cracks. Similarly, sample C3 displayed both pores and cracks on its surface; however, their extent and quantity expanded with an increasing number of cycles, eventually leading to the formation of penetrating cracks. In contrast, sample F3 exhibited the minimal presence of cracks and pores on its surface, which remained largely unaffected by an increase in cycle count, thereby maintaining an overall good condition.



In Figure 9a, the mass change in the three test blocks after undergoing dry–wet cycles is presented. It can be observed that with an increasing number of cycles, the quality of E2 and C3 test blocks experiences a sharp decline after the first cycle, while the quality of F3 test block decreases more gradually. After five dry and wet cycles, the mass reduction percentages for E2, C3, and F3 test blocks were recorded as 5.52%, 5.48%, and 3.11%, respectively. Notably, both E2 and C3 blocks lose an additional 2% in mass compared to F3 blocks.



In Figure 9b, changes in unconfined compressive strength are illustrated. It is evident that there were overall strength decreases for all test blocks following cycling between dryness and wetness conditions. The decline in strength was particularly significant for E2 and C3 test blocks which experienced reductions of 43.18% and 71.39%, respectively. In contrast, the decrease in strength for the F3 test block is relatively smaller at only 27.58%, ranging from 3.107 MPa to 2.2501 MPa.



After undergoing multiple cycles of wetting and drying, the surface of the sample will exhibit varying degrees of deterioration, leading to a decrease in both quality and unconfined compressive strength. However, when compared to E2 and C3, the F3 test blocks demonstrated superior resilience and integrity even after exposure to these environmental conditions.



The aforementioned situation arose due to the repeated soaking and evaporation of water in the sample during the dry–wet cycle, resulting in a disparity in water content between the interior and exterior of the sample. This discrepancy induced tensile stress on the surface of the sample. When there was insufficient cementation among particles within the sample to withstand this tensile stress, voids appeared on its surface. As the cycles progressed, these voids expanded further, leading to the structural degradation of soil and subsequent strength decline. It should be noted that as cycles increased, strength gradually decreased or even exhibited slight improvement. This can be attributed to residual water within the sample after soaking, which promotes hydration reactions during drying processes, thereby increasing hydration products and enhancing internal cementation capacity. Throughout this process, particle bonding became sufficient to resist tensile stresses caused by disparities in the moisture content and strength between both sides of the specimen.




3.6. Microscopic Results Testing


According to Figure 10, the surface of the test block without a phosphogypsum content exhibited numerous pores of varying sizes, calcium hydroxide crystals, and calcium silicate hydrate (C-S-H). This indicates that the combination of calcium oxide and blast furnace slag generates a significant amount of calcium silicate hydrate (C-S-H) and calcium hydroxide. Additionally, it effectively stimulates the activity of blast furnace slag. The test block with 15% phosphogypsum content produces some ettringite. Its internal structure is relatively dense with a smoother surface. There are more pores inside, along with noticeable incomplete penetration of microscopic cracks. A large quantity of ettringite and interwoven calcium silicate hydrate (C-S-H) constantly fill in voids, resulting in a denser internal structure for the specimen.



Simultaneously, this greatly enhances the gelling material properties of blast furnace slag and improves the strength of the test block. In case of a test block containing 20% phosphogypsum content, gypsum crystals form on both its surface and interior. Furthermore, there are various-sized pores present due to excessive gypsum which fails to react with other materials in the system. These unreacted gypsum particles distribute in a disorderly manner within the internal system, forming larger and smaller pores that ultimately reduce strength. For a test block consisting of a 25% phosphogypsum content, fewer large pores are observed while small pore quantities remain relatively unchanged compared to previous cases. The presence or quantity variation in ettringite is minimal. In contrast, when using a 35% phosphogypsum content as part “soil”, it not only acts as a curing agent but also fills up pore spaces as its concentration increases, gradually sanding down structures.



In the test block containing 0–15% phosphogypsum, a certain amount of ettringite was detected without any discernible alteration in the interior. However, the formation of ettringite crystals increased the quantity of calcium silicate hydrate (C-S-H) while decreasing that of calcium hydroxide. The combination of ettringite crystals and C-S-H improved specimen strength. At 15–20%, new gypsum appeared, with a significant increase in calcium hydroxide production; excessive phosphogypsum resulted in larger pores and lower strength. Although pores still existed at 20–25% content, they gradually decreased over time. At 20–35%, few internal pores remained as excess phosphogypsum filled them up; there was also an increase in both calcium hydroxide and C-S-H.




3.7. Economy, Benefit and Radioactive Safety Analysis


In the analysis of unconfined compressive strength, the preliminary experiment showed that the plain soil reacted with 5% cement achieved a strength of 1.85 MPa at 7 days and 3.15 MPa at 28 days. Currently, the mixture of 4% calcium oxide *16 blast furnace slag *35% phosphogypsum exhibited a strength of 1.670 MPa at 28 days and 3.107 MPa at 7 days in curing, with similar strengths observed between both time periods. Furthermore, this material meets the requirements for the unrestricted compressive strength of certain stable inorganic binders and can be applied in practical engineering.



In the economic analysis, based on the current market price, the unit price of concrete is CNY 350 yuan per ton, while calcium oxide is priced at approximately CNY 270 per ton. Blast furnace slag and phosphogypsum are classified as industrial waste, with blast furnace slag costing between CNY 7 and 15 per ton. Currently, for every 1 ton of phosphoric acid produced by chemical industry manufacturers in China, around 4.5–5 tons of phosphogypsum are generated; therefore, the actual trading value of phosphogypsum is negligible. Considering the materials required for the specific project, both blast furnace slag and phosphogypsum costs can be disregarded along with potential alternatives to sand and stone usage. The construction cost for one meter of secondary highway amounts to CNY 1500 and requires nearly 2.8 tons of concrete per meter. Based on the aforementioned experimental scheme, savings of approximately CNY 744 can be achieved per meter.



However, Essaid Bilal [29] believes that m-PG (especially m-PG from Russia and some PG from China) usually shows a relatively low radioactivity index of 0.24–0.45. So the radioactive safety problem is also in line with the actual construction situation.



At the same time, for solid wastes such as engineering muck, blast furnace slag and phosphogypsum, we can also consider using fly ash and rice husk ash replace [30], which can also be mixed with wood fiber [31] and other wastes to strengthen the curing effect.



Considering durability, mechanical properties, and cost-effectiveness, calcium oxide, blast furnace slag and phosphogypsum can be selected as 4%X16%X (25% PGX75% Soil) or 4%X16%X (35% PGX65% Soil), in accordance with the “Technical Standards for Soil Curing Agent Application”. The standard requires a minimum base strength of ≥2.5 MPa on the road. According to the results of this study, the above two test blocks can meet the requirements; combined with the economic comparison results, the optimal calcium oxide * blast furnace slag * phosphogypsum is 4%X16%X (25% PGX75% Soil). The Technical Standard for Application of Soil Curing Agent requires that the strength of road subbase is ≥1.5 MPa. According to the results of this study, combined with the results of economic comparison, both samples meet the requirements.





4. Conclusions


In this study, three additives, namely calcium oxide, waste phosphogypsum, and blast furnace slag, were incorporated into the soil samples from the Weishui Town Highway reconstruction project to enhance the stabilization of loess in the experimental setup. The specific findings are presented as follows:




	(1)

	
The results of the unconfined compressive strength tests demonstrate that the incorporation of phosphogypsum and blast furnace slag facilitates the formation of C-S-H gel, which reacts with calcium oxide to generate needle-like ettringite. The reaction between calcium oxide, blast furnace slag, and phosphogypsum produces C-S-H gel and calcium silicate hydrate. Furthermore, the addition of 35% phosphogypsum significantly enhances the compressive strength of cement. Additionally, as the curing age increases, there is a notable improvement in the stability of loess. Specifically, when comparing temperatures at 7 days and 28 days, there is an increase in compressive strength from 1.670 MPa to 3.107 MPa.




	(2)

	
The unconfined compressive strength and durability of the sample can be significantly enhanced by adjusting the phosphogypsum content, following dry and wet cycling. Observations after the cycles revealed distinct phenomena for samples with no phosphogypsum, and a low and high content: samples without any phosphogypsum exhibited a notable increase in porosity along with a moderate decline in quality and strength; samples with a low content displayed rapid expansion of appearance fissures, indicating signs of fracture accompanied by substantial loss in quality and strength; high-content samples showed minimal changes in crack formation after the third cycle but experienced significant increases after the fifth cycle, still demonstrating improvement compared to those with no or low content while experiencing minimal loss in quality and strength.




	(3)

	
The construction conditions allow for the selection of two ratios of calcium oxide, blast furnace slag, and phosphogypsum: 4% CaO × 16% BFS × (25% PG × 75 Soil) and 4% CaO × 16% BFS × (35% PG × 65 Soil). This choice can result in an economic saving of CNY 744 per meter.




	(4)

	
The SEM observation reveals that the reaction between calcium oxide and blast furnace slag generates ettringite and C-S-H gel, which can effectively interact with Ca(OH)2 in quicklime to establish the initial structure and provide early strength for the sample. In an alkaline environment, phosphogypsum is activated to produce a certain amount of C-S-H gel and ettringite, thereby filling material gaps and accelerating the formation of hydration products at appropriate stages, ultimately resulting in a compact microstructure.









However, there are still many materials in the research field that have not been heavily invested, such as clay containing kaolinite and the inorganic polymer of silicon aluminum chain. We still need to continue to explore new materials, and can continue to innovate and progress in terms of practicality, economy and durability.
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Figure 1. Soil samples (a) loess sampling section (b) soil samples before drying (c) soil samples after drying. 
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Figure 2. Particle size of soil samples. 
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Figure 3. Flow chart of specimen preparation. 
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Figure 4. Single blending test. (a) Calcium oxide single blending. (b) Blast furnace slag single blending. 






Figure 4. Single blending test. (a) Calcium oxide single blending. (b) Blast furnace slag single blending.



[image: Buildings 14 00646 g004]







[image: Buildings 14 00646 g005] 





Figure 5. Strength change curve of calcium oxide and blast furnace slag compounded and maintained for 7d. (* = × means multiplication). 
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Figure 6. Strength change curves of CaO and GGBS fixed at 4% × 16% with different proportions of phosphogypsum compounded and maintained for 7d and 28d. (* = × means multiplication). 
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Figure 7. Characteristics of stress–strain curve relationship. (a) Schematic diagram of stress–strain curve stages; (b) stress–strain curves of CaO and GGBS fixed at 4% × 16% with different proportions of phosphogypsum compounded and maintained for 7d versus 28d; and (c) stress–strain curves of CaO and GGBS fixed at 4% × 16% with different proportions of phosphogypsum compounded and maintained for 28d versus 28d. 
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Figure 8. Effect of number of wet and dry cycles on the morphology of different phosphogypsum dosages: (a) 0% phosphogypsum dosage, (b) 20% phosphogypsum dosage, and (c) 35% phosphogypsum dosage. The red box shows a schematic box of rupture damage after wet and dry cycling. 
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Figure 9. (a,b) The effect of the number of wet and dry cycles on the mass and strength of different phosphogypsum dosages, respectively. 






Figure 9. (a,b) The effect of the number of wet and dry cycles on the mass and strength of different phosphogypsum dosages, respectively.



[image: Buildings 14 00646 g009]







[image: Buildings 14 00646 g010a][image: Buildings 14 00646 g010b] 





Figure 10. (a–j) depicts the microstructure of the specimens with different phosphogypsum dosages, respectively. 
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Table 1. Mechanical parameters of soil samples.
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	Mechanical Parameter
	Water Content in %
	Liquid Limit % (WL)
	Plastic Limit % (WP)
	Plasticity Index
	Maximum Dry Density (g/cm³)
	Optimum Water Content%
	Coefficient of Unevenness (CU)
	Coefficient

of Curvature (CC)





	
	17.3
	35.8
	17.4
	18.4
	1.76
	16.7
	6.7
	1.67










 





Table 2. Chemical composition of soil.
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	Chemical Composition
	SiO2
	Al2O3
	CaO
	Fe2O3
	MgO
	K2O
	The Rest





	Percentage content (%)
	55.2
	12.1
	9.5
	4.4
	2.3
	1.3
	15.2










 





Table 3. Chemical composition of calcium oxide, phosphogypsum and blast furnace.
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Composition

Chemical



	
SiO2

	
AI2O3

	
CaO

	
Fe2O3

	
MgO

	
SO3

	
MnO

	
The Rest




	
Percentage Content (%)

	






	
calcium oxide

	
1.2

	
0.6

	
85

	
/

	
5

	
/

	
/

	
8.2




	
phosphogypsum

	
8.26

	
0.99

	
33.36

	
0.86

	
/

	
45.75

	
/

	
10.78




	
blast furnace

	
37

	
8.7

	
40.5

	
2.3

	
6.5

	
0.01

	
0.65

	
4.34











 





Table 4. Experimental program for the unconfined compressive test.
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Curing Agent Mixing %






	
Plain soil

	
0

	

	

	




	
Mono-doped A1

	
1% CaO

	
2% CaO

	
4% CaO

	
6% CaO




	
Single-doped B1

	
8% GGBS

	
10% GGBS

	
12% GGBS

	
14% GGBS




	




	
Compound A2

	
8% GGBS + 1% CaO

	
8% GGBS + 2% CaO

	
8% GGBS + 4% CaO

	
8% GGBS + 6% CaO




	
Compound B2

	
10% GGBS + 1% CaO

	
8% GGBS + 2% CaO

	
8% GGBS + 4% CaO

	
8% GGBS + 6% CaO




	
Compound C2

	
12% GGBS + 1% CaO

	
8% GGBS + 2% CaO

	
8% GGBS + 4% CaO

	
8% GGBS + 6% CaO




	
Compound D2

	
14% GGBS + 1% CaO

	
8% GGBS + 2% CaO

	
8% GGBS + 4% CaO

	
8% GGBS + 6% CaO




	
E2 is the optimal ratio of the four schemes




	




	
Compound A3

	
E2 + (90% soil + 10% PG)

	
Ratio of compounded A3-F3 CaO to GGBS is

the ratio of soil + PG

Maintenance 7 days, 28 days




	
Compound B3

	
E2 + (85% soil + 15% PG)




	
Compound C3

	
E2 + (80% soil + 20% PG)




	
Compound D3

	
E2 + (75% soil + 25% PG)




	
Compound E3

	
E2 + (70% soil + 30% PG)




	
Compound F3

	
E2 + (soil 65% + 35PG%)
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