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Expansive soils are widely distributed around the world. They have significant characteristics of both hygroscopic expansion and water-loss shrinkage, which have caused serious damage to road paving, construction of low-rise houses, and construction of slopes along the banks of rivers. Similarly, the implementation of low impact development measures can cause considerable difficulties in the distribution area of expansive soil. The entire urban area of Hefei is situated on expansive soil. Although Hefei city has developed a sponge city plan, it has not been carried out on a large scale for implementation of low impact development technical measures. Experimental studies have shown that exposed expansive soils produce fissures that run up and down during wet and dry cycles. These fissures are extremely unfavorable to the infiltration of surface runoff formed by short-term heavy rainfall. This is also one of the reasons for short-term rainfall in Hefei city, resulting in serious flooding in low-lying areas with a poor drainage system. At the same time, initial rainfall is ineffective in cleaning up surface source pollution. Therefore, we can enhance the characteristics of expansive soil, keep the expansive soil unexposed, and maintain a certain level of humidity. These approaches can play a better role in the control of rainfall runoff and surface source pollution. The characteristics of expansive soils can be enhanced by mixing them with weathered sand, a physical improvement, to meet the technical requirements for infiltration, interception, and purification. It is recommended to carefully select low impact development measures in the distribution area of expansive soil to avoid the occurrence of wasteful investment and poor results.
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1 INTRODUCTION
Expansive soil is a kind of special clay widely distributed on the land surface. The clay particles in the soil are mainly composed of hydrophilic minerals, including montmorillonite, illite, and kaolinite. It is a cohesive soil with significant characteristics of water-absorption expansion and water-loss shrinkage. Because of its remarkable properties of expansion and contraction, it often causes serious damage to engineering construction in the expansive soil area. Expansive soil is widely distributed in more than 40 countries across the world (Zhang, 2005).
The hazard and risk due to expansive soils is often overlooked when tabulating natural hazard risk, vulnerability, and resilience (Bin Mostafiz et al., 2021). The randomly distributed fissures and repeated expansion and contraction deformation in the soil mass cause great harm to engineering construction, which is often referred to as disastrous soil in engineering (Jones and Holtz, 1973). Worldwide, the annual economic losses caused by this are up to 15 billion U.S. dollars or more, with China being one of the most seriously affected countries, where the distribution of expansive soil is extremely wide, throughout Anhui, Guangxi, Yunnan, Hunan, Henan, and in more than 20 other provinces and autonomous regions (Figure 1) (Ye, 2010).
[image: Figure 1]FIGURE 1 | China’s expansive soil regional distribution map (Ye, 2010).
From 1959 to 1977, the United Kingdom, the United States, Romania, the former Soviet Union, and Japan have successively added provisions on expansive soil to the officially issued geotechnical and railway specifications and other documents (Sun et al., 1995). In 1987, China officially issued the Technical Code for Buildings in Expansive Soil Regions (GBJ 112-87), and in 2013, it was revised to the Technical Code for Buildings in Expansive Soil Regions (GB 50112-2013). The current methods of dealing with expansive soils are mainly chemical modification, such as stabilization of expansive soils by mixing lime, cement, fly ash, sodium chloride, calcium chloride, and phosphoric acid. Among chemical modifications, the treatment of expansive soils with lime is the most common and effective method. It has been widely reported that the addition of an appropriate amount of lime to an expansive soil improves the workability of the soil by causing a reduction in the soil’s swelling potential (Locat et al., 1990; Rao and Thyagaraj, 2003; Khattab et al., 2007; Al-Mukhtar et al., 2011; Al-Mukhtar et al., 2012; Obuzor et al., 2012).
Low impact development (LID) is an ecologically based stormwater management approach favoring soft engineering to manage rainfall on a site through a vegetative treatment network. The LID aims to sustain a site’s pre-development hydrologic regime by using techniques that infiltrate, filter, store, and evaporate stormwater runoff close to its source. Contrary to the conventional “pipe-and-pond” conveyance infrastructure that channels runoff elsewhere through pipes, catchment basins, and curbs and gutters, LID remediates polluted runoff through a network of distributed treatment landscapes (Low Impact Development, 2010). In developed countries, such as the United States, Australia, and Germany, LID technology has been widely used in rainfall control and utilization projects, renovation of old towns, planning of new towns, and regional development design, and corresponding design standards have been formed. LID technology is the core idea of sponge city planning, which has been well-developed in China in recent years, and it is mainly used to manage urban flooding and to improve urban water treatment methods and water recycling capacity. Future research should include comprehensive and systematic research on the LID technology, research on the effectiveness of removal of difficult-to-detect pollutants, and research on the structure and materials in LID facilities.
In October 2014, Housing and Urban–Rural Development of the People’s Republic of China issued the Technical Guidelines for Sponge City Construction—Low Impact Development Stormwater System Construction (Trial), which clarifies that the total runoff control pathway includes reduction of infiltration and emission of rainwater and direct storage and utilization. LID technologies mainly include infiltration, storage, regulation, transfer and interception, and purification technologies (Beijing University of Civil Engineering and Architecture et al., 2014).
The city of Hefei is located in the central-eastern part of China (Figure 1), and the entire main urban area of Hefei is situated on top of expansive soils. Therefore, the study of both the nature of the expansive soils and their engineering treatment is very significant for the selection of technical measures for LID.
2 MAIN CHARACTERISTICS OF EXPANSIVE SOILS IN THE STUDY AREA
2.1 Main mineral composition of expansive soil
According to the regional data, the expansive soils of the Upper-Pleistocene Xiashu Group are widely distributed throughout the urban area of Hefei. The expansive soils contain a large number of hydrophilic clay mineral components, of which 35%–43% are hydroclays, 4.6%–6.8% are kaolins, and 2%–2.7% are montmorillonites (Anhui Engineering Investigation Institute, 2008). These mineral components have strong hydrophilicity and have significant characteristics of both water-absorbing expansion and water-losing contraction with change in water content. The change in soil volume, i.e., expansion or contraction, causes damage to engineering structures or slopes.
2.2 Water content of expansive soil
According to regional data, the natural water content of expansive soils widely distributed in the main city of Hefei is 21%–28% (Anhui Engineering Investigation Institute, 2008). Relevant studies show that when the water content of the expansive soil body increases by 1%, the volume of the soil body can increase by 2%–5%. Dry expansive soil has a high swelling potential, and conversely, it has low swelling potential. The soil body has a dry and wet cycle and constantly develops soil fissures, which will have an impact on the LID measures. Therefore, the selection of LID measures should take into account the water content of the soil body of the expansive soil. The “Sponge City Construction Technical Guidelines—Low impact Development of Stormwater System Construction (Trial)" pointed out that when applying the permeable paving LID measures in the distribution area of expansive soil, necessary preventive and control measures should be taken to prevent the impact of geologic hazards of expansive soil deformation (Shi et al., 2002; Xie, 2009; Beijing University of Civil Engineering and Architecture et al., 2014).
2.3 Free swelling ratio of expansive soil
According to the Technical Code for Buildings in Expansive Soil Regions (GB50112-2013), the free swelling ratio of expansive soils should be calculated by the following formula (Ministry of Housing and Urban-Rural Development of the People’s Republic of China, 2012):
[image: image]
where δef is the free swelling ratio of expansive soil (%), vw is the volume of the soil sample after swelling and stabilization in water (mL), and v0 is the original volume of the soil sample (mL).
IS 1498 (BUREAU OF INDIAN STANDARDS, 1970) gives a criterion to predict the expansivity of soils, based on the free swell index (BUREAU OF INDIAN STANDARDS, 1977).
[image: image]
where Vd is the sediment volume of 10 g of oven-dried soil passing a 425 μm sieve placed in a 100 mL graduated measuring jar containing distilled water and Vk is the sediment volume of 10 g of oven-dried soil passing through a 425 μm sieve placed in a 100 mL graduated measuring jar containing kerosene.
Equations 1 and 2 show that the formula for calculating the free swelling ratio for expansive soil is the same for China and India, but the method of measurement is different. In this paper, the free expansion rate is determined based on the Chinese Technical Code for Buildings in Expansive Soil Regions (GB50112-2013).
In May 2008, Anhui Engineering Investigation Institute completed collection of 50 soil samples (Figure 2) and testing work in the Hefei city area and collected and utilized data of soil samples testing of 158 boreholes in geotechnical engineering survey projects in the Hefei city area (Figure 2). The soil samples were extracted without disturbance.
[image: Figure 2]FIGURE 2 | Map of the sampling sites in the distribution area of expansive soils in Hefei, China (Anhui Engineering Investigation Institute, 2008).
The 30%–40% free swelling ratio is 28%. The 40%–50% free swelling ratio is 20%. The greater than 50% free swelling ratio is more than 50% (Table 1). These indicated that clays in the Xiashu group of the Upper Pleistocene distributed in the area generally have a weak potential for expansion (Figure 3) (Anhui Engineering Investigation Institute, 2008).
TABLE 1 | Statistical table showing free swelling ratio results for soil samples in the Hefei urban area (Anhui Engineering Investigation Institute, 2008).
[image: Table 1][image: Figure 3]FIGURE 3 | Area distribution of expansive soils in Hefei, China (Anhui Engineering Investigation Institute, 2008).
2.4 Climate effects of expansive soils
2.4.1 Humidity coefficient of expansive soils
The humidity coefficient of expansive soil is the ratio of the minimum value of soil moisture content that may be reached at 1 m depth to its plastic limit value under the influence of natural climate.
According to the Technical Code for Buildings in Expansive Soil Regions (GB50112-2013) (Ministry of Housing and Urban-Rural Development of the People’s Republic of China, 2012), the humidity coefficient of the soil can be calculated according to the following formula based on the relevant meteorological data of Hefei:
[image: image]
where ψw is the humidity coefficient of expansive soil, α is the ratio of the sum of the local evaporation power from September to February to the annual evaporation power, and c is the sum of the difference between the evaporation power and precipitation in the months, with dryness greater than 1.00 in the whole year (mm).
2.4.2 Climate-influenced layer and markedly climate-influenced layer of expansive soils
According to Equation 3, the humidity coefficient (ψw) of expansive soil is calculated as 0.868 (Table 2). The thickness of the climate-influenced layer as calculated by the interpolation method is 3.34 m Table 3. The thickness of the markedly climate-influenced layer is 1.50 m, calculated by multiplying the thickness of atmospheric influence by 0.45 (Ministry of Housing and Urban-Rural Development of the People’s Republic of China, 2012). The deformation disaster of expansive soil will be more serious at this depth, i.e., the LID measures need to consider the climate-influenced layer of 3.34 m and the markedly climate-influenced layer of 1.50 m, which will directly affect the implementation of the LID measures.
TABLE 2 | Values of the humidity coefficient of expansive soils (Ministry of Housing and Urban-Rural Development of the People’s Republic of China, 2012).
[image: Table 2]TABLE 3 | Climate-influenced layer thickness (Ministry of Housing and Urban-Rural Development of the People’s Republic of China, 2012).
[image: Table 3]3 TEST SIMULATION SYSTEMS AND METHODS
3.1 Test simulation system
A laboratory small-scale multi-nozzle, under spray tank-type artificial rainfall simulation system was built. Spraying was controlled by controlling the switch of the solenoid valve. The pressure of the nozzles was controlled by a pipe pressure gauge, which ultimately enabled the simulation of different rainfall intensities (Figures 4, 5). The main equipment components of the laboratory artificial rainfall simulation system consisted of the expansive soil trough surrounded by rain curtains (Figure 6A), the expansive soil trough support frame (Figure 6B), the top wide-angle cone nozzle (Figure 6C), the pressure gauge and solenoid valve (Figure 6D), the control cabinet (Figure 6E), and the submersible pump (Figure 6F).
[image: Figure 4]FIGURE 4 | Expansive soil trough layout plan.
[image: Figure 5]FIGURE 5 | System diagram of the simulated rainfall device above the expansive soil trough.
[image: Figure 6]FIGURE 6 | Main equipment components of the laboratory artificial rainfall simulation system.
The purpose of establishing this test simulation system was to study the infiltration capacity and runoff generation characteristics of expansive soils under different rainfall intensities. In addition, the test simulation system also studied the infiltration capacity of expansive soils and the characteristics of runoff generation under different levels of initial water content in expansive soils.
According to Chinese meteorology data, rainfall of 16 mm or more per hour is called “torrential rain.” Rainfall intensities of 0.25 mm/min, 0.44 mm/min, 0.57 mm/min, 0.67 mm/min, and 1.04 mm/min were designed for simulation tests in combination with historical rainfall statistics from Hefei meteorological stations.
3.2 Test methods
The test expansive soil was taken from the bare expansive soil excavated from the longitudinal section of the local newly repaired road in order to simulate the natural compaction of the real expansion soil body. The test fill thickness was 25 cm (Figure 6A). The expansion soil body was wetted by rainfall three times, with an interval of 3 days. Each time, the wetting was to be stopped by the production of streams, and it was covered with a rain cloth until the expansion soil body was sufficiently settled and sinked (Figure 6A). The surface soil was sampled and observed, and the average dry bulk weight was 1.41 g/cm3, which was close to the bulk weight of the expansive soil after natural consolidation.
Before the beginning of the test, the water content of the surface layer of the expansive soil body was maintained at 23% (±0.3%) to ensure that the water content of the soil body itself does not affect the generation time of rainfall runoff and runoff volume, respectively, in the rainfall intensity of 0.25 mm/min, 0.44 mm/min, 0.57 mm/min, 0.67 mm/min, and 1.04 mm/min; the surface of the expansive soil body was stimulated to produce the runoff process.
3.3 Test results
3.3.1 Infiltration capacity of expansive soils
It was found that at rainfall intensities of 0.25 mm/min and 0.44 mm/min, no runoff was generated from the surface of the expansive soil mass within 1 h. Under the rainfall intensities of 0.57 mm/min (Figure 7A), 0.67 mm/min (Figure 7B), and 1.04 mm/min (Figure 7C), the time to start generating runoff was 44 min, 30 min, and 17 min, respectively, and the time to reach the maximum runoff was 47 min (Figure 7A), 33 min (Figure 7B), and 19 min (Figure 7C), respectively. The time intervals between the start of generation of runoff and reaching the maximum level of runoff were 3 min, 3 min, and 2 min, respectively. The maximum runoff intervals are similar for rainfall intensities of 0.57 mm/min (Figure 7A), 0.67 mm/min (Figure 7B), and 1.04 mm/min (Figure 7C). The test results show that the exposed expansive soil has a rapid infiltration capacity and a short time interval to reach the maximum runoff volume under higher rainfall intensity, which is not very effective in reducing surface runoff.
[image: Figure 7]FIGURE 7 | Runoff curves under different rainfall intensities.
Relevant studies have shown that with the continuation of rainfall, the infiltration potential gradient of expansive soils decreases after water absorption, and the surface cracks of land with expansive soils are closed due to soil expansion, resulting in a decrease in soil infiltration capacity. When encountering strong rainfall, due to the expansion, the cracks in the soil will be rapidly closed. This leads to a rapid decline in soil infiltration capacity (Lei et al., 2020).
3.3.2 Initial water content of expansive soils
It was found that the simulated surface layer of expansive soil was operated under the initial water content of 21.6%, 24.8%, 26.3%, and 27.5%, and the time for starting generating of runoff was 49 min (Figure 8A), 31 min (Figure 8B), 22 min (Figure 8C), and 16 min (Figure 8D), respectively. The time taken for reaching the maximum runoff was 66 min (Figure 8A), 48 min (Figure 8B), 40 min (Figure 8C), and 33 min (Figure 8D), respectively. The time interval of arriving at maximum runoff was 17 min (Figure 8A), 17 min (Figure 8B), 18 min (Figure 8C), and 17 min (Figure 8D), respectively. It can be seen that the four simulated water content rates were similar to the natural water content of local expansive soil. The time interval for producing maximum runoff was similar as well, indicating that there is a certain effect of abatement of runoff generated by rainfall under the natural water content of expansive soils. This further demonstrates that maintaining the natural water content of expansive soils can reduce the occurrence of geologic hazards and surface runoff from rainfall.
[image: Figure 8]FIGURE 8 | Runoff curves under different water contents.
4 SELECTION OF LID TECHNICAL MEASURES
Low impact development technologies can generally be categorized into several types according to their main functions, such as infiltration, storage, regulation, transfer, interception, and purification.
In October 2014, the Technical Guidelines for Sponge City Construction—Construction of Low Impact Development Stormwater System (Trial) listed the relevant LID technical measures (Table 4).
TABLE 4 | Comparison of low impact development facilities (Beijing University of Civil Engineering and Architecture et al., 2014).
[image: Table 4]Some of the low impact development technical measures listed in Table 4, such as infiltration, sewage interception, and purification, are not suitable to be selected in expansive soil development areas. If necessary, infiltration and decontamination measures can be selected after enhancement of expansive soil properties, but this implies an increase in the cost. This is a particular concern for our municipal, environmental, and landscape design engineers.
At present, the treatment for enhancing the properties of expansive soil roadbeds all over the world generally adopts the mixing of lime, cement, fly ash, and other mineral cementing materials. First of all, all the above materials are in powder form, and it is difficult to mix the expanded soil sufficiently. Second, the cost of improvement is high, and it also has a greater impact on the surrounding environment and the health of the construction workers (Chen et al., 2006; Yang et al., 2014).
The characteristics of expansive soils can be enhanced by mixing them with weathered sand, which is a physical improvement. The weathered sand particles have a certain particle size, and adding it to the expansive soil can result in better mixing and homogeneous nature. Second, the surrounding environment and the health of the construction workers will face a smaller impact. In addition, the low price of weathered sand can vastly reduce the cost related to improvement. Therefore, the improvement strategies involving the mixing of weathered sand compared with the traditional means of improvement have the advantages of simple construction process, environmental protection, and low cost (Chen et al., 2006; Yang et al., 2014).
Bouassida et al. (2022) proposed a new method for characterizing expansive clays after barometer test results on intact saturated clay specimens. Oedometer tests performed on a 53% thickness clay specimen overlaid by a 47% thickness of sand showed a significant reduction in the swelling pressure compared to that measured on a full expansive clay specimen. The mitigation solution reduced the swelling effect by placing a compacted granular layer as an interface between the expansive clay and the foundation (Bouassida et al., 2022).
In summary, the mixing of weathered sand can effectively inhibit the expansion of expansive soil. This ensures the implementation of LID techniques.
5 CONCLUSION
The selection of the LID technical measures in the expansive soil distribution area cannot be generalized, and the following points should be paid attention to in particular:
To carry out the technical measures of infiltration, sewage interception, and purification, it is necessary to enhance the expansive soil properties. Weathered sand is easy to pick up and is inexpensive; hence, mixing of weathered sand in the improvement treatment of expansive soil should be prioritized, which is a means of physical improvement. It can meet the technical requirements of infiltration, sewage interception, and purification.
The depth of atmospheric influence and the depth of the acute layer of atmospheric influence directly affect the selection of the LID technical measures; for example, the depth of atmospheric influence in Hefei city is 3.34 m, and the depth of the acute layer of atmospheric influence is 1.5 m. When LID facilities are constructed, the adopted LID technical measures must take into account the impact of these two depths on the LID facilities. Otherwise, the expansive soils will cause damage to the LID facilities.
The continuous cycle of drying and wetting of expansive soil causes cracks to develop continuously, resulting in the surface cracks of expansive soil extending deeper. When encountering strong rainfall, the cracks close rapidly due to soil expansion, which leads to a rapid decrease in soil infiltration capacity. Therefore, maintaining the natural water content of the expansive soil can not only better inhibit the expansion of the soil body to produce cracks, which can reduce the frequency of expansion of the soil rise and fall, but also help reduce the surface runoff generated by rainfall.
The results of the test simulation system show that the exposed expansive soil has a fast infiltration capacity and a short time interval to reach the maximum runoff volume under larger rainfall intensity, which is not very effective in reducing surface runoff. In addition, maintaining the natural water content of expansive soils can reduce the occurrence of geologic hazards and surface runoff from rainfall.
Therefore, the natural water content of expansive soil can be maintained by avoiding exposing expansive soils to vegetative cover. Granular materials can be used to mitigate swelling when LID techniques such as infiltration, filtration, and water storage are used. More research studies must be carried out on granular materials to alleviate the swelling phenomenon in the distribution area of expansive soil so as to provide technical support for the upcoming Special Plan of Hefei City Sponge City.
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Parameters
Evaporation power (mm) | 19.0 256 513 717 115 1319 1500 | 1463 808 592 279 185
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Note: Data of the evaporation power (mm) and precipitation (mm) are from Appendix D of the Technical Code for Buildings in Expansive Soil Regions (GBS0112-2013) (Ministry of Housing and

Urban-Rural Development of the People’s Republic of China, 2012).
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Project Free swelling ratio (%)

30-40
Sample number 58 2 108
Percentage of total samples | 20 52
Maximum of the free swelling ratio 76
Minimum of the free swelling ratio )
Average of the free swelling ratio 54

Note: The free swelling ratios were determined by the Test Center of 327 Geological Team of Anhui Geological and Mineral Exploration Bureau. The free swelling ratios were determined
according to the method provided in Appendix D of the Technical Code for Buildings in Expansive Soil Regions (GB50112-2013) (Ministry of Housing and Urban-Rural Development of the

People’s Republic of China, 2012).
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