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Phosphogypsum (PG), as a by-product of the production of phosphoric acid, faces the problems of large annual output and difficult treatment. There is a large demand for fillers in the process of road paving, which may be an effective method for the utilization of PG resources. In this study, three proportions of phosphogypsum–lime–fly ash (PLF) mixture were designed, first, according to orthogonal tests. The comprehensive performance of the PLF mixture was tested by the compression rebound modulus test, unconfined compressive strength test, flexural tensile strength test, dry shrinkage test, and temperature shrinkage test, respectively. The results show that adding crushed stone to the PLF mixture can effectively improve the compression rebound modulus, unconfined compressive strength, and flexural tensile strength. The high content of PG in the mixture can also improve the dry shrinkage and temperature shrinkage properties of the mixture. According to the road layer requirements, the optimum proportion of the PLF mixture is recommended, which may benefit the road construction and PG resources.
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INTRODUCTION
Phosphogypsum (PG) is a by-product of phosphoric acid production. Its main component is calcium sulfate dihydrate (gypsum), and approximately 4.5 tons of PG is produced for every ton of phosphoric acid produced (Dvorkin et al., 2018). The global annual output of PG is about 200 million tons, and it is estimated that 85∼90% of the PG has not been used (Chernysh et al., 2021). In addition, lead, cadmium, copper, and other harmful substances contained in PG may penetrate the ground with rainwater when PG is piled up and exposed directly to the air (Saadaoui et al., 2017; Ben Chabchoubi et al., 2021). Therefore, rationally utilizing wasted PG has been an urgent problem to be solved, which will benefit the sustainable development of phosphoric acid enterprises and the ecological environment.
At present, the subgrade in road construction has a large demand for bonding materials such as cement and lime. PG may promote the formation of ettringite in cement materials and lime–fly ash soil and improve the early strength of fillers (Gu and Chen, 2020; Gu et al., 2020). The application of PG in road engineering is expected to realize the resource utilization of PG. Therefore, scholars carried out some research on how to apply PG to road construction and achieved important results.
Some scholars (Kumar and Dutta, 2014; Kumar et al., 2014; Kumar et al., 2015; Dutta and Kumar, 2016) found that modified bentonite with 8% PG can improve the unconfined compression strength (UCS) and recommended to use the fly ash–lime–phosphogypsum composite as the base course in road pavements. Al-Zaidyeen and Al-Qadi (2015); James and Pandian (2015); and de Rezende Lilian et al. (2017) found that adding PG to lime–fly ash soil can improve the strength of lime–fly ash soil and meet the strength requirements of the lime–fly ash stabilization subgrade of the expressway. Zhang et al. (2020) used PG as a modifier to improve the semi-rigid material of subgrade and found that PG could improve the strength and water stability of the original base material, which further confirmed the feasibility of PG as a roadbed filler. However, the reported content of PG is almost less than 22%, which is far from meeting the demand for large-scale utilization of PG.
Some scholars tried to increase the content of PG in the lime–fly ash mixture. Rashad (2017) and Zeng et al. (2021) pointed out that ettringite produced by PG can effectively improve the strength of materials, but the volume of ettringite produced is greater than that of PG. Combined with field investigation and laboratory tests, Ding et al.(2019) found that the amount of PG must be controlled within a reasonable range; otherwise, the PG-modified stabilized soil would swell. Li et al. (2014) found that adding PG as an anti-cracking agent to the inorganic binder base layer can effectively reduce shrinkage caused by changes in temperature and humidity. The content of PG in the anti-cracking agent was less than 7%. It can be found that excessive addition of PG may cause volume expansion and induce damage to the road structure, which will harm the long-term safety service of the road. To utilize more waste, it is necessary to avoid volume expansion on the pavement base at the same time (Colman et al., 2020). Therefore, there is a reasonable proportion of PG added in the PLF mixture.
A series of mechanical tests were carried out in this paper to analyze the compression rebound modulus, unconfined compressive strength, flexural tensile strength, drying shrinkage, and temperature shrinkage properties with three different proportions of PG in the PLF mixture. The optimum proportion of PG that satisfies the mechanical demand for road pavement and costs as less as possible is recommended.
DESIGN OF THE PROPORTION OF THE PLF MIXTURE
Material Properties
PG
PG is obtained from the industrial waste of Kailin Group in Guizhou Province, China. It is a gray–white powdery solid with a specific surface area of 3,250 cm2/g and a specific gravity of 1.9. Firstly, the chemical composition analysis of PG was carried out, and the results are shown in Table 1.
TABLE 1 | Main chemical composition of PG.
[image: Table 1]Lime and Fly Ash
The lime used in the test is grade III slaked lime obtained by the digestion of quicklime. The fly ash comes from a thermal power plant in Zhuzhou, and the chemical composition is shown in Table 2.
TABLE 2 | Chemical composition of fly ash.
[image: Table 2]Crushed Stone
Granite is selected as the crushed stone, and the crushing value, density, and water absorption of the crushed stone are shown in Table 3.
TABLE 3 | Crushed stone performance test.
[image: Table 3]It can be found from Table 3 that the properties of crushed stone meet the requirements of Pebble and Crushed Stone for Building (GB/T 14685-2001, 2001). The skeleton formed by the crushed stone has a key influence on the stability of the structural system (Cai et al., 2022). The screening test is carried out on the qualified crushed stone, and the aggregate gradation curve is obtained as shown in Figure 1.
[image: Figure 1]FIGURE 1 | Aggregate gradation curve.
Mix Proportion Design
Some scholars had conducted in-depth research on the mixing proportion of PG-modified lime mixture. Ghosh (2010) suggested that the content of lime should be controlled below 10%. To improve the early strength and seven-day compressive strength of the PG–lime mixture, Shen et al. (2007) and Shen et al. (2008) gave a more precise range, that is, the content of lime should be between 6 and 10%, the content of PG should be between 23 and 46%, and the ratio of PG to lime should be controlled within 1:1∼1:3. Mashifana et al. (2018) pointed out that when the content of PG is between 10 and 50%, PG can improve the early strength of the mixture. Folek et al. (2011) suggested that the proportion of PG in the ash mixes should be between 50 and 60%. Nine groups of specimens with different mix proportions (as shown in Table 4) were made in this study, cured, and formed under standard conditions, and early strength tests were carried out respectively. Three groups—A, B, and C—with high early strength and high PG content were selected to further test the strength, temperature shrinkage, and drying shrinkage of the mixture, respectively.
TABLE 4 | Mixing proportion of the PLF mixture.
[image: Table 4]COMPACTION TEST AND OPTIMUM MOISTURE CONTENT
Compaction Test
Compaction tests were carried out to determine the optimal water content in the three mix proportions: A, B, and C considering the particle size in the mixture may influence the result of the compaction test (Li et al., 2020; Li et al., 2021). The test process is strictly conducted by JTG E51-2009 (2009). Specimens were prepared according to the predetermined moisture content. Samples were placed in a 152 mm cylinder and compacted in layers. After the samples were compacted, the moisture content of the samples was measured.
Optimum Moisture Content
The dry density and moisture content of the specimens of three different mix proportions were obtained from the compaction test, as shown in Table 5.
TABLE 5 | Maximum dry density and optimum water content of the mixture.
[image: Table 5]MECHANICAL PROPERTY TEST AND RESULTS
Compression Rebound Modulus Test and Analysis
Three groups of cylindrical specimens with a diameter of 150 mm and a height of 150 mm were prepared. The specimens were formed by static pressing and cured in a standard curing room (temperature: 20 ± 2°C; humidity: ≥95%). Each group of specimens has three curing times of 28, 90, and 180 days, respectively. The loading test process is as follows.
After wiping the specimens soaked in water for 1 day with a dry rag, smoothing the surface protrusion with a spatula, and then filling the uneven surface with fine sand, two preload tests of loading and unloading were performed on the specimen using half of the maximum load. The loading pressure is divided into five levels which are gradually applied from small to large. The data were recorded after the load was applied for 1 min, and then the load was removed to recover the elastic deformation of the specimen. The measured unit pressure was recorded, and then the compression rebound modulus was calculated from Formula 1. The relationship between compression rebound modulus and time is shown in Figure 2.
[image: Figure 2]FIGURE 2 | Relationship between curing time and compression rebound modulus.
The compression rebound modulus is obtained by the following formula:
[image: image]
where Ec is the compression rebound modulus of the cylinder (MPa), p is the unit pressure (MPa), h is the height of the cylindrical specimen (mm), and l is the rebound deformation of the cylindrical specimen (mm).
It can be found from Figure 2 that the compression rebound modulus of the three mixtures increases with the increase of curing time. However, the growth rate of compression rebound modulus gradually declines. This is because the early stiffness of each proportion is mainly determined by the modulus of the raw material itself and the structural form of the material. In the early stage of the reaction, more and more binders are produced with cutting time, and the connectivity and integrity between particles are getting stronger and stronger, which is manifested as an increasing modulus of resilience. The decrease in the growth rate of compression rebound modulus is because the amount of binder produced decreases with curing time.
Comparing the compression rebound modulus of the three kinds of PLF mixtures at the same age, the relationship is C > B > A. The compression rebound modulus of the specimens of proportion C is the largest, and the compression rebound modulus of proportion C in 180 days is greater than that of lime–fly ash–cement stabilized macadam (Chen et al., 2009). Proportion C contains a large amount of crushed stone. The lime content of proportions A and B is similar, while the compression rebound modulus of the specimens of proportion B is greater than that of the specimens of proportion A at the same age. This is because the amount of PG is too much for the A mixture. Part of the PG did not participate effectively in the reaction with fly ash. It can be concluded that excessive PG will reduce the compression rebound modulus of the mixture.
Unconfined Compression Strength Tests and Analysis
Three sets of specimens with a diameter and height of 150 mm were prepared according to the three mix proportions of A, B, and C. The specimens were molded and cured in a standard curing room for three proportions (temperature 20 ± 2°C, humidity ≥95%). There were 72 specimens, and each mixing proportion had 24 specimens. Each curing age corresponds to six specimens, and the curing age is 7, 28, 90, and 180 days, respectively.
The UCS test was carried out with a press, and the surface of the instrument was cleaned before the test. The upper and lower ends of the specimen were smoothed with oil and placed in the center of the instrument.
The UCS can be obtained according to Eqs 2, 3. The test data are shown in Figure 3.
[image: image]
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where P is the maximum pressure when the cylinder is damaged by compression (N), R is the unconfined compression strength of the cylinder (MPa), A is the cross-sectional area of the cylindrical specimen (mm2), and D is the diameter of the cylinder.
[image: Figure 3]FIGURE 3 | Relationship between curing time and unconfined compression strength.
As can be seen from Figure 3, the strengths of the three mixtures increase continuously with age. The compression strength in order from largest to smallest is C, B, and A. The specimens of proportion C contain crushed stone, while the specimens of proportions A and B do not. The average strength growth rate of the three mix proportions before 28 days is greater than that after 28 days. As the pozzolanic reaction between fly ash and lime is relatively violent at the beginning, more bases of PG were formed which are the gels. The reaction material decreases, and the reaction relatively weakens with age, so the growth rate of strength becomes slower. Kumar and Dutta (2014) illustrated that PG-modified bentonite can effectively improve the strength. The 28-day UCS of modified bentonite was around 1 MPa which is lower than the strength of the mixture in this research. Kumar Dutta et al. (2017) studied a fly ash mixture of 2% PG and 8% lime and showed that the axial stress of the mixture cured for 90 days in the UCS test was around 3 MPa. The UCS of mixture ratio A at 90 days in this research is about 3.4 MPa which is relatively higher than the strength of mixture in Dutta’s research. This is because the ratio of PG to lime is completely different. The ratio of PG to lime in this study is higher than that in Dutta’s study. PG reacts with lime more completely and fully.
According to the criteria of JTG D50-2017, 2017 (CCCC Road and Bridge Technology Co., 2017), the mix proportions A and B are suitable for the base course of heavy traffic class II and below. The mix proportion C is suitable for subgrade of extremely heavy traffic class II and below.
Flexural Tensile Strength Tests and Analysis
Four specimens for each mixture proportion were used for parallel testing. The specimens with the size of 100 mm × 100 mm × 400 mm were formed by static pressing. The specimens were cured for 180 days in a standard curing room with a temperature of 20 ± 2°C and humidity ≥95%. The flexural strength test was performed using an MTS machine. The overall stiffness of the test frame was 11.0 × 109 N/m, the maximum axial force was 4600 kN, and the maximum axial tensile force was 2300 kN. The testing process was carried out by JTG E51-2009 (Transport, 2009). The rate of loading was controlled at 50 mm/min.
The ultimate load P of the fracture of the specimen was recorded, and the flexural tensile strength of the specimen was calculated by Formula 4. The average value of the data obtained from the test is shown in Table 6.
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where Rs is the flexural tensile strength of the specimen (MPa), P is the ultimate load of the specimen (N), L is the distance between the two fulcrums (mm), h is the height of the specimen (mm), and b is the width of the specimen (mm).
TABLE 6 | Flexural tensile strength of the specimen.
[image: Table 6]It can be seen from Table 6 that the flexural tensile strength of the specimens of proportion C is the largest, followed by A and B. As the crushed stone was added to the specimens of proportion C, the compression strength of the specimens of proportion C was effectively increased by the indentation force and internal frictional resistance between the skeletons in the upper half specimen. The mixture of gypsum and fly ash provides the cohesive force which increases the ultimate load and the flexural tensile strength of the specimen.
The ultimate load and flexural tensile strength of the specimens of proportion A are greater than those of B. Because the PG content of the specimens of proportion A increased by 20% compared with that of B, lime reacts with fly ash to form hydrated calcium aluminate and further reacts with calcium sulfate dihydrate contained in PG to form trisulfide hydrated calcium aluminate (ettringite). Most ettringite converts to monosulfide hydrated calcium aluminate which is further crosslinked with a small part of ettringite crystals with age. The mixture joins into a denser whole, which increases the flexural tensile strength of the specimen (Dong et al., 2002). The ratio of fly ash to lime in the specimens of proportion A is higher than that of B. The pozzolanic reaction between fly ash and lime is sufficient to generate more hydrated calcium aluminates. Calcium aluminate hydrates react continuously with PG to generate calcium vanadate and single sulfur calcium aluminate, which improves the overall strength of the mixture.
According to Specifications for Design of Highway Asphalt Pavement (CCCC Road and Bridge Technology Co., 2017), the mix proportions of A, B, and C meet the flexural tensile strength requirements of lime–fly ash soil. The mix proportions of A and C also meet the flexural tensile strength requirements of lime–fly ash stabilized granular material.
SHRINKAGE TESTS AND ANALYSIS
Dry Shrinkage Test
The molding size of the dry shrinkage test specimen is 100 mm × 100 mm × 400 mm. The curing room had a temperature of 20 ± 2°C and humidity ≥95% for 7 days. After grinding the long axis end of the specimen, plexiglass sheets were bonded on the two ends of the long axis. Then, dial indicators were installed on the glass at both ends, and a certain number of steel balls were placed on the lower edge of the specimen to reduce the friction between the specimen and the instrument. The schematic diagram of the drying shrinkage test device is shown in Figure 4. The temperature was controlled at 20 ± 2°C, and the relative humidity was 60 ± 5% in the testing room. The drying shrinkage characteristics of the specimen were measured with a shrinkage tester.
[image: Figure 4]FIGURE 4 | Schematic diagram of the drying shrinkage test device.
According to JTG E51-2009 (Transport, 2009), the drying shrinkage strain ε and the drying shrinkage parameter α were used to evaluate the drying shrinkage characteristics of the material:
[image: image]
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where ε is the shrinkage per unit length of the specimen (×10–3), α is the proportion of the dry shrinkage strain to the rate of lost water (×10–6), ΔL is the overall shrinkage of the specimen (×10−3mm), L is the total length of the specimen (mm), and Δω is the proportion of the accumulated water loss to the dry weight of the specimen (%).
After the specimen was moved into the shrinkage room, the overall shrinkage and the rate of water loss of the specimen were recorded once a day. Figure 5 shows the relationship between drying shrinkage strain and time.
[image: Figure 5]FIGURE 5 | Relationship between drying shrinkage strain and time.
The drying shrinkage strain reflects the shrinkage per unit length of the specimens. Selçuk (Türkel and Aksin, 2012) studied the drying shrinkage of solid bricks with PG additive and found that the drying shrinkage of the bricks increased with the increase of the PG ratio. Both A and B mix ratios in this research exceeded the maximum PG ratio of 30% in Selçuk’s study. Thus, it is necessary to measure the drying shrinkage of the specimens in this research. It can be seen from Figure 5 that the specimens of proportion A have the best anti-dry shrinkage ability because the content of PG in the specimens of proportion A is the largest and a large amount of calcium sulfate dihydrate contained in the PG reacts with calcium aluminate hydrate to form ettringite. Monosulfur calcium aluminate hydrate leads to volume expansion, and the phenomenon of reduction of drying shrinkage strain in Figure 5 appears. The drying shrinkage strains of the specimens of proportions B and C increased with time, but the growth rate kept decreasing. The dry shrinkage strain of the specimens of proportion B was greater than that of C after the fifth day. The structure is relatively stable because the specimens of proportion C contain an aggregate skeleton. The total drying shrinkage of specimens contained in PG in the study of Selçuk (Türkel and Aksin, 2012) is around 6,000 × 10–3, which is greater than the total drying shrinkage of specimens in this research. Higher drying shrinkage is detrimental to the performance of the mixture, while smaller drying shrinkage indicates better volume stability of the mixture. Relatively speaking, the mixing ratio in this study performed better because of lower drying shrinkage.
It can be found from Figure 6 that the cumulative rate of water losses of the three mix proportions increased continuously over time. The cumulative rate of water loss of the specimens of proportions A and B is much higher than that of C. Because the water content of the specimens of proportion C is the lowest, the cumulative rate of water loss is the lowest. The rate of water loss of the specimens of proportion C remained stable after the fifth day.
[image: Figure 6]FIGURE 6 | Relationship between the cumulative rate of water loss and time.
Figure 7 shows that the drying shrinkage parameter of the three specimens decreased continuously with the increase of time. The drying shrinkage of the specimen of proportion C is the largest, followed by B and A. This is because the drying shrinkage parameter is the result of the combined effect of the drying shrinkage strain and the rate of water loss. The rate of water loss increases with the increase of the dry shrinkage strain and decreases with the increase of the rate of water loss. The specimens of proportion C have the lowest moisture content, and the drying shrinkage parameter of the specimens of proportion C is greater than that of A and B. The drying shrinkage strain of the specimens of proportion A is the smallest, and the rate of water loss is the largest, so the drying shrinkage of the specimens of proportion A is the smallest.
[image: Figure 7]FIGURE 7 | Relationship between the drying shrinkage parameter and time.
Temperature Shrinkage Tests
The specimens were formed by static pressing in the size of 100 mm × 100 mm × 400 mm. The specimens were cured in a standard curing room for 7 days with a temperature of 20 ± 2°C and humidity ≥95%. The last day of the curing period was saturated with water for 24 h. After curing, the temperature shrinkage parameter was measured by the resistance strain gauge method. The specimens were dried to constant weight and then placed in an environmental chamber at 50°C. The strain device and strain gauge were connected with the specimens. The environmental box was set to drop by 10°C every 2 h, and we waited for the data of the strain gauge in each temperature segment to stabilize (2 h). The data were read until the temperature dropped to 0°C. The effects of lime and fly ash content are important to the temperature shrinkage coefficient. The content of lime and fly ash in this research is higher than the content in Qian’s research (Ma et al., 2013). The temperature shrinkage of high content of lime and fly ash was not clear enough. To study the influence of high content of lime and fly ash with PG, it is vital to investigate the temperature shrinkage test in the mixture. The test results are shown in Figure 8.
[image: Figure 8]FIGURE 8 | Relationship between shrinkage strain and temperature.
It can be found from Figure 8 that the shrinkage strain of the specimens shows an overall increasing trend with the decrease in temperature. The shrinkage strain of the specimens of proportion C is significantly larger than that of A and B. The greater the water loss rate, the smaller the temperature shrinkage deformation; the smaller the water loss rate, the greater the temperature shrinkage deformation (Li, 2002). This leads to a larger temperature shrinkage strain in the specimens of proportion A. The standard deviations of the temperature shrinkage strains of the three mix proportions are σA = 173.77, σB = 181.05, and σC = 213.46. Among the three mix proportions, the proportion of A is the least affected by the temperature.
CONCLUSION
In this research, three kinds of PLF mixture specimens with high early strength and large differences in PG content were selected. The specimens underwent compression strength tests, flexural tensile tests, drying shrinkage tests, and temperature shrinkage tests, respectively. The following conclusions were drawn:
1) The compression rebound modulus of PLF mixtures increases with time, but the growth rate keeps declining. The compression rebound modulus of PLF mixtures decreases with the increase of the content of PG.
2) According to the compression strength of the mix proportions of A, B, and C, three proportions are suitable for the subbase of heavy traffic class II and below. The mix proportion of C is suitable for the base layer of extremely heavy and extra heavy traffic class II and below.
3) The three proportions all meet the flexural tensile strength requirements of lime–fly ash soil materials, of which A and C also meet the flexural tensile strength requirements of lime–fly ash stabilized granular material. The flexural tensile strengths of the three mix proportions are C > A > B in descending order. The addition of crushed stone can significantly improve the flexural tensile strength of the mixture.
4) The high content of PG is more favorable than the high content of fly ash to improve the flexural tensile strength of the mixture.
5) The dry shrinkage and temperature shrinkage of the PLF mixture may be improved with the increasing content of PG. Combining the mechanical requirements of road construction for the fillers and PG adopted as much as possible, it is recommended to choose proportion A in the actual road construction (GB/T 14685-2001, 2001; JTG E51-2009, 2009; JTG D50-2017, 2017).
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