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Silty sand in the Yellow River flood area (YRFA) of China exhibits a low cohesive force and water-holding capacity. Its direct use for subgrade filling leads to phenomena such as subgrade bed depression, slurry, and mud. Therefore, from the perspective of waste utilization, this study investigates disposable protective clothing (DPC) and disposable nitrile gloves (DNG) produced due to COVID-19 in combination with silty sand as subgrade filling for the YRFA. Through an unconfined compressive strength and permeability test, we studied the influence of personal protective equipment (PPE) with different moisture content, concentration, and size on the strength and permeability of mixed samples. Further, we discuss its impact on the improvement of subgrade filling in YRFA. Results show that adding DPC improves both the compressive strength and ductility of the sample. However, the impermeability of the sample remains unchanged. In contrast, the addition of DNG does not increase the compressive strength and ductility of the sample at the same time, whereas it significantly improves its impermeability. The size of PPE has a considerable influence on the compressive strength of the mixed sample, whereas it does not affect the sample permeability. This method makes use of the PPE waste produced due to COVID-19, reduces environmental pollution, and provides a novel concept for improving silty sand in the YRFA.
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1 INTRODUCTION
The COVID-19 pandemic brought tremendous changes to our production trends and life. As of 3 August 2022, the cumulative number of confirmed cases of novel coronavirus pneumonia in the world has exceeded 580 million, the number of deaths has exceeded 6.46 million, and the number of confirmed cases still stands at 27.95 million (Evozi, 2022). The number of newly infected novel coronavirus pneumonia cases in some countries and regions is still increasing rapidly. While fighting the pandemic, a series of PPE made of plastic has played a crucial role in protecting people (Benson et al., 2021). However, their improper treatment impacts the environment and human health, as gloves, masks, protective clothing, and other PPE are discarded in parks, roads, and fields (Ammendolia and Walker, 2022; Km et al., 2022).
Nitrile, vinyl, natural rubber (latex), and neoprene, are several production materials used to make disposable protective gloves (Jędruchniewicz et al., 2021). Nitrile gloves have anti-allergic properties, and their quantity used is increasing rapidly (Patrawoot et al., 2021). Although disposable protective clothing (DPC) is mainly used by medical and public service personnel in the anti-pandemic effort, compared with mask and glove protective equipment, its considerable volume has a more passive impact on the environment. Therefore, due to the sharp increase in disposable nitrile gloves (DNG) and DPC volumes, waste utilization and its effect on the soil environment have become a research focus.
The Yellow River is the second largest river in China. Because of numerous floods in its history, sediment deposition has formed silty sand across a wide range of the Yellow River flood area (YRFA), especially in the Lower Yellow River (Haiguang, 2019). With the increasing expansion of highway construction projects in the YRFA, silty sand often is the preferred material for subgrade filling. The basic mechanical properties of silty sand directly determine the strength and stability of the subgrade (Limin et al., 2014). However, silty sand has the characteristics of a low cohesive force and poor water retention. This leads to subgrade bed depression, slurry, mud, and other phenomena (Lixia et al., 2019). Numerous researchers strive to improve the characteristics of silty sand. A.S. et al. Improved silt’s engineering characteristics by adding lime, waste plastic fiber, etc., further improving the stability and durability of soil (Muntohar et al., 2013). S. V. et al. Found that adding flax fiber to silty sand can increase the compressive strength of soil (Krishna Rao and Nasr, 2012). M. S. et al. studied the effects of natural pozzolanic, oil palm open fruit string, and other fibers on the shear strength and other mechanical properties of silty sand by an unconfined compressive strength test (UCST), triaxial compression test, and other tests. They obtained a series of encouraging results (Chauhan et al., 2008; Ahmad et al., 2010; Abbasi and Mahdieh, 2018; Aouali et al., 2019). S. A. et al. studied the effects of confining pressure and silt content on the cyclic characteristics of silty sand. They found that the cyclic ductility decreases with the increase in salt concentration. Furthermore, adding paper can improve the malleability of the sample (Chegenizadeh and Nikraz, 2012; Naeini and Gholampoor, 2014). Yang and other researchers used modified carboxymethyl cellulose (M-CMC) and other polymers to study their effects on silt shear strength, silty slope stability, and erosion control (Yang et al., 2019; Smitha et al., 2021). Kean-Thai et al. studied the impact of acrylate cement and sodium sulfate slurries on the strength of silt. They showed that the optimal cement ratio of various chemical slurries could improve the soil shear strength (Xu et al., 2016; Chhun et al., 2019; Rajabi and Hosseini, 2022). Zhang et al. added lignin to silt to study the dynamic characteristics of lignin-treated silt (Zhang et al., 2021). With the gradual aggravation of COVID-19 worldwide, several scholars attempted to apply personal protective equipment (PPE) waste to improve engineering mechanical properties. Lynch. S et al. studied the effect of disposable masks and gloves on structural concrete through investigating the elastic modulus, etc. Several findings, such as appropriate proportions that can limit the cracks of concrete and improve the strength of concrete structure were reported (Kilmartin-Lynch et al., 2021, 2022). M. et al. studied the influence of disposable masks and other waste on the pavement foundation through compaction tests, modulus of resilience, and other tests. This yields results that can satisfy the stiffness and strength requirements of the pavement base and improve its ductility (Saberian et al., 2021).
The research on improving silty sand’s physical and mechanical properties mainly focuses on adding fibers and chemical slurry, which has high treatment costs. Abandoned anti-epidemic equipment to improve the soil as subgrade filler also concentrates on the physical and mechanical properties of clay. Whether PPE can be used for silt soil improvement to enhance the performance of silt roadbeds is the relevant question posed in this study. In this case, the waste is put to use, while simultaneously reducing the pollution of the YRFA environment. To this end, we investigate the mixed samples of DNG, DPC, and silty sand, and study the influence of PPE with various moisture content, different concentrations, and sizes on the strength and permeability of the samples. Finally, we discuss the impact of PPE on the physical and mechanical properties of silty sand. This research presents a novel method for improving silty sand in the same area.
2 MATERIALS AND METHODS
2.1 Raw material
Silty sand in the YRFA is distributed over 87,000 km2 of land in Henan, Shandong, and Jiangsu provinces. The silty sand used in the test was collected from the Liu Yuankou danger section in the YRFA (Figure 1). PPE is one of the major pollutants widely distributed in the YRFA (Figures 2A,B). When collecting the soil sample, a depth of 30 cm without evident tree roots and other sundries was excavated, and 50 kg of test soil was collected. The gloves used are DNG conforming to GB/T 10213-2006; DPC complies with GB/T 38462-2020 and technical product requirements, and the main component is polyethylene fiber. The DNG and DPC employed for the test were clean due to the provisions and restrictions of the laboratory work safety system. We eliminated the factors that may lead to experimental errors; for example, we removed the fingertips and rubber band at the wrist of DNG, and the collar and cuff of DPC. The fundamental physical properties of the test soil, DNG, and DPC are listed in Table 1.
[image: Figure 1]FIGURE 1 | Overview of the study area (YRFA).
[image: Figure 2]FIGURE 2 | Pollution of COVID-19 PPE in YRFA. Pollution by (A) disposable nitrile gloves, (B) disposable protective clothing.
TABLE 1 | Fundamental physical properties of test soil, DNG, and DPC.
[image: Table 1]2.2 Test scheme and naming
Before the test, DNG and DPC were cut into strips of 1.5,3, and 3.5 cm long; 0.5 cm wide respectively. The test soil was baked in an oven at 108°C for 6 hours (State Administration for Market Regulation, 2019). When preparing the soil sample, the treated DNG was mixed with dry test soil at 0.5, 1, and 1.5% mass percentages. This meets the requirements of the range of 0–5% plastic fiber content (soil mass ratio) (Mishra and Kumar Gupta, 2018). The treated DPC was mixed with dry test soil to achieve 0.25, 0.5, 0.75, and 1% mass concentration. The physical properties of the soil tested were natural density, specific gravity, particle analysis, etc. The test settings comply with the geotechnical test method standard (State Administration for Market Regulation, 2019). We conducted the experiment in triplicate to reduce possible errors. The compositions of the eight mixtures are listed in Table 2.
TABLE 2 | Nomenclature of PPE and silty sand mixtures.
[image: Table 2]2.3 Soil sample preparation and curing
The test soil sample is compacted to the target density to ensure sample consistency. The dry test soil, DNG, and DPC are placed separately in a specific container, and the test articles are weighted according to the weight ratio required by the test. The weighing accuracy is 0.01 g, followed by preparation. To ensure the uniform mixing of dry soil and reinforcement materials, a small quantity of reinforcement material is mixed into dry soil. Then, the quantity is gradually increased until all reinforcement materials and dry soil are evenly mixed. The required water is slowly added to the mixture and mixed evenly with a soil mixing knife to ensure the uniform distribution of water, dry soil, and reinforcement materials. After preparation, we place the mixed materials in a plastic sealed box, cover it with fresh-keeping film, and store it in an indoor locker for 6 h. The curing temperature and humidity of all tests shall be consistent.
The UCST soil samples are compacted three times. To ensure consistent soil sample preparation, we consolidate the fixed mixture quality to the same height. Before placing the next layer of mixed soil, we chiseled it in the mold to ensure that the soil sample is not layered without shaking it.
2.4 Specific test contents
2.4.1 Particle analysis test of silty sand
We study on particle gradation of silty sand by conducting the particle analysis test. The test adopts the sieve analysis and type B densitometer methods (State Administration for Market Regulation, 2019). The sieve analysis method uses a standard sieve of 0.075–2 mm for the test. A total of 500 g of the dry soil sample is removed by the quartering method and placed into the standard sieve arranged according to the pore size for the screening test. After the examination, the remaining mass on the sieve is measured and recorded. Take 30 g of soil under the 0.075 mm sieve of sieve analysis method as the test soil sample of type B densimeter. After soaking for 12 h, boiling, cooling, and other steps, the densitometer readings are recorded at 0.5, 1, 2, 5, 15, 30, 60, 120, 180, and 1,440 min. Simultaneously, the temperature of the turbid liquid is measured and recorded. After completing the data collection, the particle grading curve is drawn. Figure 3 shows the test process of the type B densitometer method.
[image: Figure 3]FIGURE 3 | Test process of Type B densitometer method.
2.4.2 UCST of a mixed sample of PPE and silty sand
The UCST uses a full-automatic strain triaxial apparatus to study the unconfined compressive strength (UCS) of the mixed sample of protective equipment and silty sand. The size of the mixed sample used in the UCST is 10.5 cm in diameter and 11.55 cm in height (Saberian et al., 2021). For four variables include the moisture content (6, 8, 10%), the content of DNG (0, 0.5, 1, 1.5%), the content of DPC (0, 0.25, 0.5, 0.75, 1%), and size of PPE (1.5 × 0.5, 3.0 × 0.5, and 3.5 × 0.5 cm). During the test, the mixed sample is placed on the lower pressing plate, and the lower pressing plate is raised such that no sample of the mixture is in contact with the upper pressing plate. The following parameters were set: upon starting the instrument, the shear rate of the test is 0.8 mm/min. If the soil sample is crushed, the test stops automatically, removes the mixture sample, and processes the data, generating the stress-strain curve, and obtaining the UCS. At the same water content, the concentration of PPE, and test conditions, the parallel test is repeated three times. We conducted tests on 27 groups of UCST.
2.4.3 Penetration test of a mixed sample of PPE and silty sand
Variable-head permeability test is applicable to fine-grained soil, while silty sand belongs to fine-grained soil (State Administration for Market Regulation, 2019). Therefore, variable-head permeability test is adopted, and the instrument employed is the TST-55 permeability instrument. The test scheme is the same as the UCST. The water head pipe is filled to the predetermined height, and the change in the water head and the specified time interval are recorded in triplicate, as well as the water temperature at the water outlet. Then, the water level of the head pipe is increased to the predetermined height, continuously measured and recorded, and the test is repeated five times. As with UCST, three parallel tests are conducted at the same water content, mixing amount, and test conditions. The data are processed, and the permeability coefficient of the mixture sample is calculated. We conducted penetration tests on 26 groups. Figure 4 shows a schematic diagram of the penetration test process. The permeability coefficient is calculated according to the following formula (State Administration for Market Regulation, 2019):
[image: image]
[image: image]
where a is the section area of the varying-head pipe (cm2), L denotes the penetration diameter (cm), equal to the height of the sample, Hb1 is the head at the beginning (cm), and Hb2 is the head at termination (cm).
[image: Figure 4]FIGURE 4 | Schematic diagram of penetration test process.
3 RESULTS AND DISCUSSION
3.1 Particle gradation of silty sand
According to the two-particle grading methods of the sieve analysis and type B densimeter, the particle grading curve of the soil is obtained, as shown in Figure 5. The particle content of a particle size larger than 2 mm accounts for 2.67% of the total weight; The content of particles with particle size greater than 0.075 mm accounts for 70.41% of the total weight. According to the engineering classification, the soil used for the test is silty sand (Nanjing Hydraulic Research Institute, 2008).
[image: Figure 5]FIGURE 5 | Particle grading curve of silty sand.
The particle grading curve is curved and stepped near the particle size of 1 mm, indicating that the particle size composition is discontinuous and lacks intermediate particles, as shown in Figure 5. To quantitatively express the uniformity of soil particles and the advantages and disadvantages of grading, dX (where the mass of soil below this particle size accounts for X% of the total soil mass) is defined as the characteristic particle size. The non-uniformity coefficient Cu and curvature coefficient Cc are calculated according to the following formula (Nanjing Hydraulic Research Institute, 2008):
[image: image]
[image: image]
The Cu and Cc of soil are calculated according to the following parameters: d10 = 0.043, d30 = 0.076, d60 = 0.168, Cu = 3.91, Cc = 0.8. Generally, in engineering, when Cu ≥ 5 and Cc = 1–3, the grading is good, otherwise, the grading is poor. Thus, the soil used in the test is silty sand, and it is poorly graded (Nanjing Hydraulic Research Institute, 2008).
3.2 UCST of PPE and silty sand mixed samples
3.2.1 Stress-strain curve of UCST
The UCST is among the most frequently used test methods to evaluate the compressive performance of soil. Figures 6A,B respectively shows the stress-strain curves of silty sand mixed samples at different contents of DNG and DPC.
[image: Figure 6]FIGURE 6 | Stress–strain curves of mixed sample of PPE and silty sand at different concentrations. (A) –Mixed sample of DNG and silty sand; (B) –Mixed sample of DPC and silty sand.
When the content of DNG is 0.5%, the axial stress reaches the peak value, and the stress loss is not apparent. The axial strain during failure does not increase, but decreases slightly, staying controlled between 2 and 2.3% (Figure 6A). Although the axial strain increases while the stress loss decreases with the rise in DNG concentration, the strength will decrease; Our judgment is that adding gloves cannot improve the strength and ductility of the mixture simultaneously. As shown in Figure 6B, when the concentration of DPC ranges from 0 to 0.75%, the axial stress and strain of the mixture gradually increase from the initial 1.877–5.755%. The stress loss decreases gradually after the pressure reaches its peak. When the DPC concentration is 1%, the strain at failure continues to increase, and the stress loss is smaller, while the peak value of axial stress decreases slightly, but it is much higher than that without addition DPC; The judgment is that adding an appropriate DPC concentration can improve the strength and ductility of the mixture at the same time.
The stress loss in the stress-strain curve of the mixed sample of PPE and silty sand reflects the reduction in strength and change in the toughness of the soil sample (Figure 6). In the test, the hybrid model mixed with DPC exhibits more toughness. The reason is that in the failure stage of the mixture sample, the existence of PPE decreases the failure speed of the mixture and avoids the sudden drop in axial pressure borne by the combination. The test of medium polypropylene short fiber reinforced cement stabilized cohesive soil likewise shows that the higher the fiber concentration, the more evident the lessening stress loss after peak value (Tang et al., 2007). This phenomenon is also reflected in the research on freeze–thaw characteristics of fiber-reinforced fine-grained and reinforced solidified soils by Chang, A. S., and others. The authors state that the stress–strain curve of the UCST belongs to the strain-softening type, i.e., before the strength reaches the peak, the curve exhibits an s-shape, and when the strength rises, the sample undergoes shear failure. After the specimen is damaged, the stress decreases gradually and tends to a stable value (i.e., residual strength) with increased strain (Zaimoglu, 2010; Zhilu et al., 2017).
3.2.2 UCS of mixed samples of PPE and silty sand
Figure 7A shows the results of the UCST of samples mixed with silty sand under different moisture content and different concentrations of DNG. Figures 7B,C shows the UCST results of models mixed with silty sand under other moisture contents and additional DPC.
[image: Figure 7]FIGURE 7 | UCST results of mixed samples of PPE and silty sand. Different moisture content, different concentration of (A) DNG, and silty sand; (B) DPC and silty sand; (C) UCST of DPC and silty sand when the moisture content is 10%.
Figure 7A indicates that when the water content remains unchanged, the UCS of the mixed sample increases first and subsequently decreases with the rise in the concentration of DNG. When the concentration of DNG is 0.5%, the UCS reaches its maximum. When the moisture content is 6, 8, and 10%, and the concentration of DNG was 0.5%, the UCS of the mixed samples increased by 31.7, 51, and 23.7%, respectively, compared with the control group (0%). When the DNG concentration increases to 1 and 1.5%, the UCS of the mixed samples decreases gradually. When the DNG concentration is 1%, compared with 0.5%, the UCS is lower, but the compressive strength effect is still higher than that without DNG. While keeping the content of DNG constant (0, 0.5, 1, and 1.5%), with the moisture content ranging from 6 to 10%, the UCS of the mixed sample likewise increases first and then decreases, reaching its highest point when the moisture content is 8%.
Figure 7B shows that when the content is 0.25 and 0.5%, the UCS of the mixture increases first and then decreases with the rise in the moisture content; When the moisture content is 0.75%, the UCS increases gradually. When the moisture content is 6 and 8%, the UCS of the mixed sample rises first and then decreases with the increase in DPC concentration. When the content is 0.5%, the UCS reaches its maximum. When the moisture content is 10%, the UCS of the mixed samples increases with the gradual increase of the DPC concentration. However, Figure 7C shows that when the moisture content is 10%, the concentration of DPC increases to 1%, and the inside of the mixed sample increases first, and then decreases. In contrast to the moisture contents of 6 and 8%, when the content of DPC reaches 0.75%, the UCS reaches the peak value of 71.78 kPa, an increase of 94%, whose strong effect is the most significant. After the concentration of DPC surpasses 0.75%, the UCS of the mixture decreases, while it is significantly higher than that of the control group (0%).
As shown in Figure 7, the UCS increases first and then decreases with the increase in PPE content. The rise of UCS is the cementation between soil and PPE. Adding PPE to the pores between structures increases the contact area with soil particles to bond well. Compared with other studies showing an increase of 14% in UCS, this study demonstrates a better effect and growth of 94% (Xu et al., 2016; Tomar et al., 2020). The reduction in UCS is attributed to the excessive amount of PPE, which can entangle the sample’s inclusion, promote further crack development, and hinder bonding. The study on the improvement of Shanghai soft soil by fiber reinforced cement, as well as the improvement of recycled concrete, the UCS decreases due to excessive plastic content, which confirms this result (Chen et al., 2015; Saberian et al., 2021).
When the DPC concentration is above 0.75%, the compaction difficulty of mixed samples increases. While discussing the random addition of polypropylene fiber to study the strength characteristics of clay, Tang found that soil containing more than 1% fiber will lead to difficulties in compaction (Tang et al., 2007). This may be attributed to the low moisture content and excessive mixing amount of DPC. The content of the soil is not sufficient to thoroughly mix with the DPC. Consequently, the DPC is mixed into balls or unevenly mixed with the soil, resulting in low-density pockets.
3.2.3 Effect of PPE size on compressive strength of mixed samples
Figure 8 shows the comparative test results of different PPE sizes on the mixture sample compressive strengths. The size comparison test of PPE maintains a constant moisture content and concentration. The selection standard of moisture content and concentration in the comparative is: When the size of PPE material is 3.0 × 0.5 cm, the moisture content and concentration of the mixed sample at the maximum compressive strength for DPG remain unchanged at 8 and 0.5%, respectively, and those for DPC remain unchanged at 10 and 0.75%, respectively.
[image: Figure 8]FIGURE 8 | Influence of PPE of different sizes on compressive strength of mixed samples.
Irrespectively of whether the sample is mixed with DNG or DPC, the PPE size showing the maximum compressive strength is 3.0 × 0.5 cm. When the size of PPE is less than 3.0 × 0.5 cm, the reason for the lower UCS is: for the shorter PPE, sufficient anchorage cannot be formed, resulting in the bearing capacity of the PPE insufficient mobilization; Kumar et al. Also showed this phenomenon in the study of cement and fiber on the strength characteristics of clay (Kumar and Gupta, 2016). Above this size, the soil-PPE interlock is reduced in the mixed sample, which results in the reduction of compressive strength and further confirms the conclusion of Pradhan et al. in the study of the strength characteristics of cohesive soil with polypropylene fiber random inclusions (Pradhan et al., 2012).
3.2.4 Bridge effect of mixed samples of PPE and silty sand
Figure 9 shows the comparison diagram of the breakdown phenomenon of the mixed sample with or without reinforcement. At the same water content and axial strain after the test, the sidewall of the sample without reinforcement falls off in blocks (Figure 9A). In contrast, the sidewall of the mixed model with support has cracks, but there is no overall shedding of soil, as shown in Figure 9B.
[image: Figure 9]FIGURE 9 | Damage of soil samples (A) without PPE, (B) when adding PPE.
This phenomenon is attributed to the bonding between the reinforcement and soil after mixing. When the mixed soil sample cracks, the support receives evident tension to prevent the soil from falling off. This result likewise appeared in the research of disposable masks used in a pavement base, as well as nano-silica and polypropylene fiber that were used to treat cohesive soil, and fiber-reinforced sand expansive soil polluted by old engine oil. The authors refer to the bridge effect, as the fiber plays a reinforcing role and hinders further development of cracks (Zhilu et al., 2017; Bojnourdi et al., 2020; Saberian et al., 2021).
3.3 Permeability test of PPE and silty sand mixed samples
3.3.1 Permeability coefficient of PPE and silty sand mixed samples
The permeability test is the most commonly employed and effective method to evaluate the permeability of the soil. The permeability coefficient reflects the permeability of the soil. In practical engineering, soil permeability is equivalent to soil strength and deformation, which has an important impact on the safety and fuel progress of the project. Figure 10 shows the permeability coefficients of the mixed samples at various moisture levels, PPE concentrations, and silty sand.
[image: Figure 10]FIGURE 10 | Permeability test results of PPE and silty sand mixture samples with different moisture content and concentration. Permeability coefficients of (A) DNG and silty sand samples and (B) DPC and silty sand samples.
Figure 10A shows that when the content of DNG is certain, the moisture content corresponding to the minimum permeability coefficient of the mixed sample is 8%. Hence, the impermeability of the composite model is the optimal one. When the moisture content is constant, the permeability coefficient of the mixed sample shows a gradually decreasing trend with the increase in the concentration of DNG. However, when the moisture content is 10%, and the content of DNG is 0.5%, the permeability coefficient does not conform to the overall trend.
Figure 10B shows that when the concentration of DPC increases from 0 to 0.25%, the permeability coefficient of the mixed sample decreases first, and then increases with rising moisture content. Herein, the permeability coefficient is not larger than the one corresponding to the minimum moisture content. When the DPC concentration rises from 0.5 to 0.75%, the permeability coefficient of the mixture decreases gradually and does not change significantly with the increase in moisture content. When the moisture content is 6 and 8%, only when the DPC concentration increases to 0.75% does the permeability coefficient of the mixed sample decrease sharply. When the moisture content is 10%, the mixed sample permeability coefficient increases and decreases with the increase in the DPC concentration.
The test results after adding DNG are shown in Figure 10A. When the concentration of DNG is certain, the permeability coefficient is more significant when the moisture content is between 6 and 10% than when the moisture content is 8%. We attribute this to the water content of sample preparation being too small, such that there is no water film on the surface of microscopic mixed soil particles, which is not conducive to filling into macropores. When the moisture content of the sample is too large, the water film forms, and when the water film thickness increases to a particular value, the water film tension tightly gathers the small mixed particles together to form a larger aggregate structure. The size of this aggregate is large, which is also not conducive to filling large gaps, thus increasing the permeability coefficient of the mixed sample. Jia likewise observed this phenomenon in the silt test research in the YRFA (Zhigang, 2017).
When the moisture content is maintained constant, the permeability coefficient decreases gradually with the increase in the DNG concentration, as the DNG material is impermeable. The permeability of DNG is less than silty sand. When the glove material gradually increases, the contact between DNG and soil particles becomes increasingly denser, which changes the internal structure of the mixed sample, resulting in more difficult water seepage and a gradual decrease in the permeability coefficient. Hu et al. showed this variation in the study of the influence of MgO on the permeability of fiber cement soil (Qizhi et al., 2021). However, when the moisture content is 10%, and the concentration of DNG is 0.5%, the reason for the increase in permeability coefficient, in this case, is due to the addition of DNG, as the seepage channel inside the mixed sample is increased, and the DNG exerts a diversion effect to improve the permeability of the soil.
The test results in Figure 10B show that when the content of DPC is 0.5%, the permeability coefficient gradually decreases with the increase in the moisture content. This is because, in comparison, the influence of the water film is small, such that the impact from the change of moisture content becomes minimal. At this time, the water in the soil sample is confined, resulting in higher water content and a smaller permeability coefficient. As the content increases to 0.75%, the effect of water content is insignificant.
3.3.2 Effect of PPE size on permeability coefficient of mixed samples
Figure 11 shows the comparative test results of different PPE sizes on the permeability coefficient of mixed samples. The selection standard for the moisture content and concentration in the comparative is: For the size of PPE at 3.0 × 0.5 cm, the moisture content of the mixed model with DNG remains unchanged at 8 and 0.5%, and the moisture content of the composite sample mixed with DPC remains unchanged at 8 and 0.25%. The size of PPE does not affect the permeability of the mixed model, whether it is the composite sample mixed with DNG or the diverse selection combined with DPC. This is because the PPE mixed with the silt sand has the same quality and specific surface area, such that the size of the PPE does not affect the permeability of the mixed sample.
[image: Figure 11]FIGURE 11 | Influence of PPE of different sizes on permeability coefficient of mixed samples.
4 CONCLUSION
Based on the perspective of waste utilization, this study conducts a UCST and penetration test on PPE and silt sand mixed samples at different moisture contents, PPE concentrations, and PPE sizes. The physical and mechanical properties of silty sand in the YRFA after adding DPC and DNG are discussed, and so is the application of PPE in the improvement of silty sand. This provides a novel method for environmental protection and silt improvement in the YRFA. The conclusions are as follows:
1) Adding PPE significantly improves the integrity, strength, and toughness of the mixed sample of silty sand and PPE. This is the result of cementation and reinforcement of silty sand and PPE, which hinders further development of cracks; The optimum concentration range of PPE is 0.5–0.75%.
2) The sizes of DPC and DNG have a significant effect on the compressive strength of the mixed samples, but no effect on their permeability; 3.0 × 0.5 cm is the best size of PPE added to the mixture.
3) The addition of DPC has no significant effect on the impermeability of silty sand, but the result is significantly improved impermeability after adding DNG.
4) DPC and DNG with appropriate parameters can be applied to improve silty sand, which provides a new method for environmental protection and waste utilization.
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Compressibility (MPa™) 031 - -
Liquid limit (Wy/%) 153 - -
Plasticity limit (Wp/%) 10.1 - -
Plasticity index (IP) 52 - -
Density (g/cm3) 195 - -
Proportion - 1.26 -
Melting point ('C) = 167 -
Hygroscopic rate (%) & 14 -
Tensile strength (MPa) - 273 -
Fracture force(N) = 415 -
Aspect ratio - L3617 1:3/1:6/1:7
Hydrostatic pressure (kPa) - - 167
Moisture permeability (m2ed) - - 25,000
Breaking strength(N) b - 45
Elongation at break (%) - 103.55 15
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