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Abstract: The research used industrial by-products original phosphogypsum (PG) as the main raw material, slag (SG) and Portland cement (PC) as auxiliary materials, and the optimal additive amount was determined according to the compressive strength value of the sample. Comprehensively evaluate the water resistance and volume stability of the samples, and determine the best formula for new roadbed stabilized materials. The results showed that when the weight ratio of PG, slag and cement was OPG:SG:PC = 6:3:1, and mixed with 5% micro silica fume (MSF) and 3‰ hydroxypropyl methyl cellulose (HPMC), the sample’s comprehensive performance was the best, specifically, the sample’s compressive strength in 60 days reached 28.8 MPa, the softening coefficient reached 0.9, and the expansion rate was stable at about −0.2%. In addition, the mechanism of action of enhancers MSF and HPMC was analyzed according to use Vicat device, X-ray diffractometer and scanning electron microscope. The best formula SP3GH3 has the best curing effect on soil. The 28-day unconfined compressive strength (UCS) of the sample reached 2.4 MPa, the expansion rate was less than 0.09%, and the water stability coefficient was above 0.79, which was higher than that of the samples cured by traditional cement and lime during the same period.
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1  Introduction

Phosphogypsum (PG) is a by-product of the industrial wet production of phosphoric acid and phosphate [1,2], the main component of the original PG is CaSO4 • 2H2O, and some impurities such as H3PO4 and fluoride, etc. [3]. In recent years, with the development of the economy, the global annual output of PG has stabilized between 160 million tons and 280 million tons. In particular, China produces more than 50 million tons of PG each year [4–6].

Because the chemical composition of PG is similar to natural gypsum [7], it is widely used to make cement products. Huang et al. [8] succesfully studied the use of PG instead of dihydrate gypsum as a component of calcium sulfoaluminate aluminate cement. Taher et al. [9] used pre-heat treated PG for the production of Portland cement. Da Costa and others developed a soil modifier using PG and lime to increase crop yields [10]. In addition to applications in industrial raw materials and agriculture, PG is also widely used in the field of building materials. Degirmenci studied the possibility of making cement binders using industrial waste fly ash and PG. By testing the unit weight, water absorption, volume stability, compressive strength and flexural strength of the binder samples, it was proved that cemented adhesives can be used to produce interior wall materials such as bricks and blocks [11].

Although PG is widely used, its consumption in the world is not high. Mainly because the original PG contains impurities, if it is used directly, it will affect the performance. Although pre-treatment will improve the use efficiency, it will consume more energy and cause secondary pollution. The most common solution is still the accumulation of open areas, which has led to the occupation of a large amount of cultivated land [12]. More importantly, some harmful substances in PG will infiltrate into the soil with rainwater during rainy and snowy weather, and then penetrate into the groundwater, resulting in soil compaction, soil and water hazardous substances exceeding standards, and seriously threatening people’s daily lives [13,14].

In recent years, on the one hand, as the Chinese government has enhanced its efforts to protect the natural environment, many mines have been banned from mining, which has caused the prices of raw materials such as cement and lime to rise sharply and the cost of infrastructure construction to remain high. On the other hand, Chinese domestic infrastructure construction continues unabated, forcing Chinese researchers to seek waste to replace traditional infrastructure materials [15–19].

It would be a good idea to use PG to stabilize the soil. On the one hand, it can consume a large amount of PG, on the other hand, it can solve the plight of shortage of raw materials. The current research focuses on the “stability of contaminated soil” and “stability of subgrade soil” [20–22]. However, in most studies on stabilizers, the content of PG does not exceed 50%, and the amount of stabilizers in the roadbed is low. The main reason is that when the amount of stabilizer is too small, the compressive strength of the roadbed will not be high, and excessive use will lead to poor volume stability [19,23–26]. Therefore, PG is not widely used in road construction. In this paper, a novel soil stabilization material based on PG and suitable for road subgrade construction was developed to replace traditional cement and lime materials by adding modifiers. In this new stabilizer, the mass ratio of PG to the entire stabilizer reaches 60%. At the same time, only 10% of the stabilizer content in the roadbed can meet the basic requirements of road construction.

2  Experimental

2.1 Materials

The main raw materials used in this experimental study include original phosphogypsum (PG), slag (SG), Portland cement (PC). The main additives are: (1) Micro silicon powder (MSF). MSF is rich in active SiO2, which can increase the degree of hydration reaction and enhance the strength and other properties of the stabilizer. Its designed dosage was 4%, 5% and 6%, respectively; (2) Sodium aluminate (SA), molecular weight is 81.97, which can accelerate slurry solidification and reduce retardation of PG. Its designed dosage was 1%, 2%, 3%, and 4%, respectively; (3) Hydroxypropyl methylcellulose (HPMC), which is mainly used for water retention and thickening, has a molecular weight of 86,000 and design doses of 1 ‰, 2 ‰, 3 ‰, and 4 ‰, respectively; (4) Flocculant polyacrylamide (PAA), molecular weight was 10000000, and the designed dosage was 0.1‰, 0.5‰, 1‰, and 1.5‰ respectively; (5) Lignin fiber (LF) which is used to improve the elongation of the sample and reduce the shrinkage caused by drying in the early stage. The pH is 7.0 ± 1.0, and the design doses are 1 ‰, 2 ‰, 3 ‰, and 4 ‰ respectively. The PG and SG were from Suqian, Jiangsu Province, China, the PC was from Anhui Conch Group Co., Ltd., and other additives were from Nanjing, Jiangsu Province, China.

Tab. 1 is the main chemical composition of PG, SG, PC and MSF after XRF spectrum analysis. From the data in the table, we can see that the main components of PG are SO3, CaO, SiO2 and Al2O3. On the other hand, research had found that the main crystal phase of PG is gypsum [7,27].

Table 1: Chemical composition of raw material
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Note: R2O: Alkali Metal Oxide; LOI: Loss of Ignition at 1000°C.

The PG used in the experiment was taken directly from the phosphate fertilizer plant, and the moisture content is 12.3%, so it should be air-dried at room temperature before use. In addition, the specific gravity of PG is 2.34 g/cm3, and the particle size distribution is shown in Fig. 1.
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Figure 1: Particle size distribution of PG

2.2 Procedure for Recipe Optimization

First, in order to ensure that the content of PG in the soil stabilized material is high, its weight ratio was set to 60% of the total weight, and different weight ratios of the remaining SG and PC were determined according to the orthogonal test method. Subsequently, the optimal base formulation was determined based on the compressive strength of the hardened paste. Finally, according to the total weight of the basic formula, other additives were added at different weight ratios to modify the optimal basic formula. The specific weight ratio of each raw material and additive is shown in Tab. 2.

Table 2: Weight ratio of each raw material
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2.3 Sample Preparation

First, according to the ratio in Tab. 2, the raw material with a total weight of 1.5 kg was added to the cement mixing pot (ASTM C305). After stired for 2 minutes, the color of the raw material became uniform and the components have been evenly mixed. Then, weigh a certain amount of water in the beaker according to the standard consistency of the raw material, put the weighed additive into the beaker, and stired with a glass rod to make the additive fully dissolved in water. Next, the mixed cementitious material powder and the dissolved additive solution were poured into a container of a cement slurry mixer. Stired slowly for 2 minutes, then quickly for 1 minute, and obtained the required slurry. After calculation, the standard consistency of the slurry was 30%.

The prepared slurry was cast into a 20 mm × 20 mm × 20 mm cube plastic mold, and 15 samples were cast for each formula in order to test the compressive strength of the samples at different curing ages and water resistance of the samples. The samples after demoulded must be placed in a standard curing room for curing, and the temperature in the curing room should be controlled at 20 ± 2°C, and the humidity should be controlled at 96%.

In order to test the volume change rate of the sample, the sample needs to be made, and six prism samples were required for each group of formulas. The stirred slurry was cast into a steel mold with a size of 10 mm × 10 mm × 50 mm. In addition, the prism sample ends were equipped with embedded steel nails to facilitate the test of the length. The steel nails must be installed at the two ends of the mold before the slurry was cast. Similarly, after the slurry was cast, the sample needs to be cured. The device and sample are shown in Fig. 2.
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Figure 2: Device for testing expansion

2.4 Test Methods

2.4.1 Compressive Strength

The compressive strength was tested by WHY-200 microcomputer-controlled automatic compression tester. Three small squares of 20 mm × 20 mm × 20 mm cured for the same age were used for compressive strength test. The average value of 3 data was used to determine compressive strength of the sample. The ages tested included 3 days, 7 days, 28 days, and 60 days.

2.4.2 Volume Stability

After the slurry sample was hardened and formed, it could be demoulded, and then the vernier sample was measured with a vernier caliper and recorded as the initial length of the sample l0. Then, placed the sample in the standard curing room to curing. After the sample curing time has expired, continued to measure the length and recorded it as the final sample length ln. Finally, calculated the volume change rate K of the sample according to Eq. (1).
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2.4.3 Water Resistance

The hardened cubes of cemented material were cured for 60 days after demolding. Taken 3 samples and soaked them in a plastic container filled with water. The distance between the samples should not be less than 2 cm and the water surface should be more than 2 cm above the sample. After 3 days of immersion, the sample was taken out and wiped clean for compressive strength test, the strength value was recorded as Pu1. The compressive strength value of the unsoaked samples was recorded as Pu0. Finally, the softening coefficient Ru was calculated according to the following formula (2). The larger the softening coefficient value, the stronger the water resistance of the sample.
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2.4.4 Microscopic Analysis

According to the standard ASTM C191, using the Vicat device to test the setting time and exothermic characteristics of the formulation, the water-solid ratio was 0.3. The dried hardened body sample was ground and passed through a 200 mesh sieve, and the powder sample was subjected to X-ray diffraction analysis (Rigaku-2500, Japan), scanning range: 5–90° 2θ; step length: 0.02° 2θ; scanning speed: 10° 2θ min-1. A scanning electron microscope (JEOL, JSM-5900, Japan) was used to observe the microstructure of the hardened body. Before the test, all samples were coated with a thin layer of gold conductive layer.

2.4.5 Evaluation of Curing Performance

The formulation of the stabilized material was selected and added to the dried and sieved soil (The soil is silty soil and common in eastern China) at a content of 10%. According to the optimal moisture content of the mixture of 16%, calculated the amount of water to be added, and then stired evenly with a blender. The stirred mixture was placed in a hollow cylindrical steel mold with an inner diameter of Φ 50 mm × 50 mm, and pressed by a hydraulic jack. After the samples were prepared, they should be placed in a standard curing box for curing. Finally, the samples were tested for unconfined compressive strength (UCS), volume stability and water resistance according to the standard GB/T 50123-2019 (Chinese standard). In addition, the water stability of the sample was reflected by the coefficient of water stability. The calculation formula of the coefficient of water stability Wu is shown in formula (3). In the equation, Cu1 represents the UCS of the sample after soaking, and Cu0 represents the UCS of the sample without soaking. The larger the coefficient of water stability value, the stronger the water resistance of the sample.
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3  Results and Discussion

3.1 Compressive Strength

3.1.1 Basic Formula

New soil stabilization materials will be studied for use in road subgrades. Therefore, the compressive strength of new materials must become the main factor for performance evaluation.

Fig. 3 shows the change in compressive strength of the sample at different ages after being formulated according to the basic formula in Tab. 2. Except that the content of the original PG in the basic formula has been determined to be 60%, it can be seen from the strength value in Fig. 3 that the best basic formula is SP3 (SG:PC = 3:1), and the compressive strength of the samples after curing for 7 d, 28 d, and 60 d were 16.8 MPa, 18.2 MPa, and 20.8 MPa, respectively, which were higher than the SP1(SG:PC = 1:3) and SP2(SG:PC = 2:2). The more products produced by the hydration reaction, the higher the compressive strength of the sample. As can be seen from Fig. 3, after curing for a period of time, the compressive strength tends to be stable. The main reason is that when the age increases, the hydration reaction will terminate, and products such as hydrated calcium silicate will not increase any more [28,29].

[image: images]

Figure 3: Compressive strength of different basic formulations

3.1.2 MSF Modification

Due to the delayed setting of PG, the early strength of the sample is low [30]. It can be found from Fig. 4 that the compressive strength of the sample made from only the basic formula after standard cured for 3 days is only 0.8 MPa. With the addition of enhancer MSF, the early compressive strength of the samples had improved significantly, usually greater than 2 MPa. After curing for 60 days, it reached 25.8 MPa, which was higher than the 20.8 MPa of the sample without adding MSF. The main reason is that when the hydration reaction occurs in the stable material, CaOH will be produced, and the volcanic ash reaction will occur after CaOH meets the active SiO2 in the MSF, which promotes the production of hydrated calcium silicate and reduced the porosity of the sample and improves the compressive strength [31,32].
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Figure 4: Effect of MSF on the compressive strength of the basic formula

3.1.3 Additive Modification

From Fig. 5(a) we can find that the addition of HPMC would slightly weaken the overall compressive strength of the sample. Among them, the addition of 3‰ HPMC has the smallest effect on the compressive strength of the sample. Instead, with the increase of the curing time of the sample, HPMC helps to improve the compressive strength, which is close to 30 MPa after 60 days.
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Figure 5: Relationship between the compressive strength of the sample and the dosage of additive. (a) Influence of HPMC dosage. (b) Influence of PAA dosage. (c) Influence of LF dosage. (d) Influence of SA dosage

It can be seen from Fig. 5(b) that the addition of PAA has a more significant effect on improving the compressive strength of the sample than HPMC. In particular, the effect is most obvious when the addition dosage is 0.1‰. The compressive strength of the sample after 28 days of standard curing had exceeded 30 MPa, and the increase rate has exceeded 22%.

Similar to PAA, LF can further increased the compressive strength of the sample. However, the compressive strength of the sample did not seem to change much when the dosage of LF is increased. According to the change trend of compressive strength in Fig. 5(c), it can be seen that the optimal dosage of LF is 3‰.

Different from the previous three additives, SA has a greater effect on the compressive strength of the sample, especially the early strength of the sample. In particular, when the dosage was 2%, the sample had the highest early compressive strength, and the compressive strength of standard cured for 3 days reached 18.6 MPa, which was nearly 7 times higher than the sample without SA. In addition, under different SA dosage, the compressive strength values of the samples were also quite different. Except for the 2% dosage, the effect of SA at other levels on the compressive strength of the sample is not obvious.

3.2 Volume Stability

Fig. 6 shows the volume expansion rate trends of the three types of samples: basic formula samples, samples with 5% enhancer MSF, and other samples containing the optimal dosage of additives. It can be clearly seen from the figure that there are three types of change trends. The first type is the sample added with 3‰ HPMC. The volume was relatively stable, and the expansion rate was slightly reduced, and then remained basically unchanged. The second type is the sample that shrinks first and then expands slowly until it was stable. The third type is the sample with 2% SA added, whose volume has been expanding. The first and second types of samples exhibited volume shrinkage in the early period, which is the drying shrinkage of the sample. In the later period, it may be that CaSO4 • 2H2O in PG was more participated in the hydration reaction, and more hydrated calciumsulfoaluminate (Commonly known as: ettringite) was generated, which caused the sample volume to expand. In particular, the swelling rate of the sample mixed with 3‰ HPMC had the smallest change. The main reason is that, on the one hand, HPMC has good water retention, which can reduce the evaporation of moisture in the sample and reduce the degree of drying shrinkage. On the other hand, HPMC has the effect of delaying the hydration reaction, which maked the ettringite production rate slow down, and ettringite absorbed water and swelled, which maked up for the shrinkage of the sample caused by drying [23,33,34]. However, the samples with 2% SA began to swell after demoulded. The reason may be that SA accelerated the hydration reaction, which caused a large amount of ettringite in the early stage [35–37].
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Figure 6: Effect of different additives on sample volume

3.3 Water Resistance

It can be seen from Tab. 3 that the sample made from the SP3 has the worst water resistance due to its poor structure and low compressive strength. After 3 days of immersion in water, the compressive strength is only 16.2 MPa and the softening coefficient is the smallest, only 0.78. The other five formulations with added enhancers had higher softening coefficients than the base formulation after 3 days of immersion in water. Among them, the softening coefficients of SP3G5, SP3GH3, SP3GP1 and SP3GL3 samples remained basically around 0.9. The samples made with SP3GS2 immersed in water for 3 days, the compressive strength reached 29.3 MPa, and the softening coefficient was 0.93, which was higher than other samples. This may be related to the change in the pore size in the sample caused by the addition of sodium aluminate, which results in the sample becoming denser and preventing the water molecules from entering the sample [35].

Table 3: Softening coefficients of different formulas
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3.4 Microscopic Analysis

Based on the modification effect of the best basic formula SP3, we found that formula SP3GH3 had the best overall performance. On this basis, we analyzed the formula SP3 and formula SP3GH3 through XRD pattern, hydration heat release curve and micro-morphology, and studied the principle of stabilized material SP3GH3 performance improvement.

It can be seen from the XRD pattern in Fig. 7 that the main substance of the sample was PG, the reaction of the sample was not strong in the early stage. After standard curing for 28 days, the hydration reaction of the sample tends to be stable. The main products of sample SP3 and sample SP3GH3 include calcium carbonate and aluminum carbonate hydrate, ettringite, calcite and some unreacted gypsum. Among them, calcium, aluminum and other hydration products are the main source of the stable structure of the sample [34,35].

[image: images]

Figure 7: XRD patterns of SP3 and SP3GH3 (28 days)

Fig. 8 is a graph showing changes in the exothermic curves of sample SP3 and sample SP3GH3. On the one hand, it can be seen that the sample SP3GH3 produces more heat than sample SP3, and it can be considered that the addition of 5% enhancer MSF can promote the degree of hydration of the sample. On the other hand, the exothermic time period of sample SP3GH3 is longer than that of sample SP3. It may be that HPMC hinders the free flow of water molecules and reduces the hydration reaction rate [29,30].
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Figure 8: Heat flow curves of SP3 and SP3GH3

Sample SP3 has fewer active ingredients and a lower degree of early hydration. It can be seen from Fig. 9a that there are more large particles of PG that did not participate in the reaction. Sample SP3G5 was added with the enhancer MSF and the active ingredient SiO2 was introduced to increase the degree of hydration reaction and the amount of large-granular PG was reduced (as shown in Fig. 9b). Figs. 9c and 9d are the morphology of sample SP3G5 and sample SP3GH3 after 28 days of standard curing. It can be seen that the SP3GH3 sample has more hydration product C-S-H gel and less acicular ettringite. On the one hand, it may be that MgO agglomerated ettringite to make the structure close-knit [38]. On the other hand, it may be that HPMC hindered the free movement of water molecules and sulfate ions, and hinders the production of ettringite [23,39,40].
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Figure 9: SEM images of the samples: (a) SP3 cured for 3 days; (b) SP3G5 cured for 3 days; (c) SP3G5 cured for 28 days; (d) SP3GH3 cured for 28 days

4  Evaluation of Soil Solidification Performance

After comprehensive evaluation of the compressive strength and volume stability of pure pulp samples, the SP3GH3 (Best basic formula + 5% MSF + 3‰ HPMC) with high compressive strength, good water resistance and the most stable volume was identified as the best formula.

In order to test the stabilizing effect of the stabilized material on the soil, we selected representative formulas: basic formula SP3, modified formula SP3GH3 and traditional cement-lime formula, and then conducted the stability test on the roadbed silty soil. Here we consider that, on the one hand, the cost of cement, lime and other raw materials is relatively high, which is not suitable for large-scale application in road construction. On the other hand, if the amount of lime in the subgrade is too high, the subgrade will expand [41,42]. Therefore, after comprehensive consideration, the dosage of cement and lime in the soil is determined to be 2% and 5% respectively. The test results of the samples are shown in Fig. 10 and Tab. 4.
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Figure 10: UCS and expansion rate of solidified soil. (a) UCS of samples at different ages. (b) Variation trend of samples expansion rate

Table 4: Water stability of soil after curing with different stabilized material
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It can be found from Fig. 10a that the UCS of the soil samples solidified with the SP3GH3 had been significantly improved compared to the samples solidified with the SP3. After curing for 3 days, the compressive strength of the samples exceeds 1.7 MPa, an increase of more than 84%. After 28 days of curing, it reached 2.4 MPa, which is basically close to the strength of the cement-lime solidified sample during the same period. At the same time, it can also be found in Fig. 10b that the expansion rate of the sample solidified with SP3GH3 has a significantly lower expansion rate than the sample solidified with SP3. Especially in the early period, the expansion rate was even much lower than the sample cured with cement-lime. The test results in Tab. 4 mainly reflect the water resistance of the samples. It can be seen that the samples cured with SP3GH3 had the best water resistance, and the water stability coefficient remained basically above 0.79. However, the soil sample stabilized by the SP3 has no basic regular morphology after immersed in water for 3 days, and the UCS was basically equal to 0. This may be because the degree of hydration reaction in SP3 was small, and the amount of calcium aluminum hydrate with a stable structure is too little to consolidate the soil. On the other hand, the SP3 contains a large amount of PG, which will cause the production of ettringite, and the expansion of ettringite after water absorption will be detrimental to the stability of the sample structure [23,43,44].

5  Conclusion

Optimize and screen the raw materials of the formula, determined the optimal blending amount of the main basic materials and other various additives. Then the compressive strength, water resistance, volume stability, microscopic analysis and soil stabilization effect of the optimized formula were evaluated and draw the following conclusions:

Adding the optimal 5% enhancer MSF can increase the degree of early hydration reaction in the sample and effectively reduce the retarding effect of PG. The 3-day compressive strength of the sample modified by MSF exceeded 2.3 MPa, and the compressive strength increased by more than 170% compared with the sample without MSF added during the same period.

HPMC can delay the loss of water in the sample and reduce the drying shrinkage of the sample. The proper amount of HPMC delayed the hydration reaction and reduced the speed of ettringite formation. Eventually, the swelling caused by ettringite absorbs water to compensate for the shrinkage caused by drying.

In terms of comprehensive compressive strength, water resistance and volume stability, the comprehensive performance of the basic formula compounded with 5% MSF and 3‰ HPMC was the best. The soil stabilization effect, especially the water resistance, has been greatly improved. After 60 days of immersion in water, the water stability coefficient is as high as 0.96, which is higher than the 0.76 of the traditional cement-lime stabilized soil sample during the same period.

The main raw materials of SP3GH3 are industrial by-products such as PG, which are inexpensive and have many sources. Compared with cement and lime, it has greater advantages in performance and application cost. In the future, we will study and develop a general dosage prediction formula to provide technical guarantee for the large-scale application of phosphogypsum-based soil stabilizing materials.
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