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One of the most significant pieces of linear infrastructure in China is the Middle Route of the South-to-North Water Diversion Project (MR-SNWDP), a large section of which consists of an expansive soil slope (ESS) that threatens the safety of the canal. Here, we prepared 144 Sentinel-1 data from May 2017 to July 2022 to study the behavior of the ESS in the canal section in Huixian City in the MR-SNWDP. Then, the Elastoplastic Deformation model under Wetting and Heating Effects (EDWHE) was employed to accurately characterize the displacement of the ESS. The InSAR results illustrate that the unstable zones tend to be small and are distributed along the canal slope, with the magnitude of deformations generally no more than 20 mm/year. Additionally, their deformation time series generally accumulate exponentially and evolve in a significant pattern of seasonal swelling and shrinkage. We observed that the slope movements significantly accelerated during the period when extreme rainfall occurred around 22 July 2021. Affected by satellite imagery and the geometric structure of the slope, the magnitudes and evolving trends of LOS deformation vary with different aspects of the slope sections. Then, the elastic swelling-shrinkage deformations were derived through the EDWHE model, of which the uplift or settlement was mainly dependent on geological and meteorological conditions. Moreover, the active zone depths of the ESS were retrieved using an InSAR-based lag-time approach and clearly reflected their distribution pattern. In this investigation, the behavior of the ESS in the study area was quantitatively analyzed using InSAR, and the results provide support for designing protective slope treatments and keeping the canal safe in the MR-SNWDP.
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1 INTRODUCTION
The Middle Route of the South-to-North Water Diversion Project (MR-SNWDP) is an extremely significant infrastructure project in China and is effective at alleviating the imbalance in water distribution between South and North China (Office of the South-to-North Water Diversion Project Construction Committee et al., 2016; Dong et al., 2021). It has a total length of 1,432 km from Danjiangkou Reservoir, Henan, to Beijing and largely consists of excavated and filled slopes. However, 387 km of the MR-SNWDP is well distributed with destructive expansive soil, posing a significant threat to the safety of the channel slopes (Dai et al., 2021; Dong et al., 2021).
The damage to infrastructure by expansive soil is mainly attributed to its elastic volume swelling/shrinking in response to soil moisture gain/loss (Mitchell, 1980; Ng et al., 2003; Zhan et al., 2007). The soil swells and shrinks repeatedly with wetting-drying cycles, which conforms to elastic behavior (Wang and Wei, 2014; Qi and Vanapalli, 2016; Li et al., 2023), facilitating soil mass softening and then accumulating plasticity. An expansive soil slope (ESS) acts as the down-slope shallow displacement and probably ends up inducing a progressive failure (Ng et al., 2003; Dai et al., 2021). Especially for the MR-SNWDP, which is subject to a monsoon season, expansive soil undergoes coupled swelling and shrinkage in summer that accelerates the process of wetting-drying cycles and thus faces more severe geohazard problems (Yang et al., 2006; Li et al., 2023). Therefore, for the safety of the MR-SNWDP, the characterization of the elastoplastic displacements of an ESS plays a significant role in preventing geohazards. In addition, a better understanding of the swelling and shrinkage dynamics of an ESS can help the design of more effective treatments for unstable slopes (Ting et al., 2018; Cohen-Waeber et al., 2023; Li et al., 2023).
The ground displacements of expansive soil receive contributions from the volume change of soil mass within a certain depth that is generally referred to as the active zone depth (AZD) (Aubeny and Long, 2007; Yue and Veenstra, 2018; Huang et al., 2022). It essentially defines the zone where moisture beneath the ground moves and soil deforms. AZD is a fundamental parameter for foundation design and protective treatment (Zongjun et al., 2006; Yue and Veenstra, 2018; Huang et al., 2022). Given the active zone, we can effectively protect against unstable slopes in the MR-SNWDP.
The Interferometric Synthetic Aperture Radar (InSAR) technique provides us with the ability to approach the demands mentioned previously. InSAR allows the remote imaging of vast earth surfaces at one time with high spatial resolution, after which multitemporal InSAR (MT-InSAR) can observe ground displacements in a magnitude of millimeters. Nowadays, huge archives of SAR data (e.g., Sentinel-1 data or NISAR in the future) make it convenient to characterize more detailed deformation patterns (Zheng et al., 2023). There have been many instances in which MT-InSAR has been successfully used to study the pattern of ground displacements caused by groundwater exploitation, active slow-moving landslides, and some special soil issues (Chaussard et al., 2014; Zhao et al., 2016; Miller et al., 2017; Hu et al., 2020; Lan et al., 2021; Cohen-Waeber et al., 2023; Dong et al., 2023). Furthermore, some publications have investigated the deformation distribution on a section of the MR-SNWDP and studied the destructive behavior of expansive soil––the swelling and shrinkage responsible for wetting and drying (Vallone et al., 2008; Bonì et al., 2018; Özer et al., 2019; Cook, 2023; Xiong et al., 2023).
InSAR time series have demonstrated the advantages of characterizing the downslope displacements of the ESS with seasonal variation (Zhang et al., 2022; Cook, 2023). Some methods, such as using a specific deformation model or independent component analysis, have been employed to investigate the characteristics of ESS movement, and its lagging effect on soil wetting (and drying) has been further studied (Özer et al., 2019; Cohen-Waeber et al., 2023). Owing to the monsoon season, the expansive soil’s expansion and contraction are coupled, resulting in a more complex deformation pattern that has a higher risk of inducing geohazards in the MR-SNWDP. Then, an Elastoplastic Deformation model under Wetting and Heating Effects (EDWHE) is proposed to characterize this deformation pattern of the ESS in the channel head of the MR-SNWDP, and an InSAR-based time-lag approach is developed to retrieve the corresponding slope’s AZD (Li et al., 2023). Here, considering the heterogeneity of expansive soil and the different engineering geological setting, we intend to employ the EDWHE model and time-lag approach to explore its spatiotemporal pattern on a larger scale and study the behavior of the ESS further in another section of the MR-SNWDP, i.e., the canal sections in Huixian City, Henan. In addition, with the knowledge that an unusually heavy rainstorm occurred there on 22 July 2021, we try to investigate how the extreme precipitation impacts the ESS displacements.
In this paper, a Sentinel-1 SAR dataset covering the study area, the canal section in Huixian City, is collected, spanning from July 2017 to May 2022, with a total of 144 scenes. The EDWHE model is applied to investigate the deformation pattern of ESS in the study area, in which the by-products, the expansive soil’s time delays corresponding to rainfall and temperature, are obtained for analysis and subsequent work. Then, the elastoplastic displacement of the ESS is discussed in detail, and the elastic component is derived from the EDWHE model to explore its characteristics in response to rainfall events and temperature changes. In addition, we employ the time-lag approach to derive the AZD along the canal slope. Our study on the behavior of the ESS in multiple aspects provides support for the prevention of the expansive soil geohazard in the MR-SNWDP.
2 MATERIALS
2.1 Geological setting of the study area
The canal section is located in Huixian City, northern Henan Province, China. It flows through the northeast boundary of the urban area and extends eastward, covering part of the ESS in this section. The canal section in Huixian City is hereafter called CSHC for simplicity. The geographical location and spatial distribution of the canal are shown in Figure 1. The expansive soils in Huixian City are mainly Upper Tertiary littoral lake facies, fluvial lacustrine sedimentary strata, and Quaternary Middle Pleistocene alluvial and diluvial strata (Q2al + pl), including heavy silty loam, silty clay, marl, and clay rock, with weak expansibility (Xu et al., 2019; Zhang et al., 2021). Owing to the specific expansion and contraction of the ESS in the channel, the cracks in the upper zone are fully developed, and the level of soil saturation is high, which seriously weakens the shear strength and causes severe damage to the safety of the ESS (Xu et al., 2019).
[image: Figure 1]FIGURE 1 | Geographical location and spatial distribution of the canal section in Huixian City, Henan, China. (A) The location of the study area and the distribution of expansive soil in China (Shi et al., 2002; Li et al., 2023). (B) More detailed information about the geographical location of the study area and the footprint of the Sentinel-1 SAR data in path 40 and frame 112. (C) Optical image obtained by Google Earth. The dashed blue line delineates the channel.
Under the influence of expansive soil, there is a high risk of geohazards occurring on the ESS, which would affect the safe operation of the water diversion channel (Li et al., 2023). Therefore, the EDWHE InSAR model is applied in this study to investigate the potential hazards of the expansive soil slope in the Huixian City channel in the MR-SNWDP and study the dynamics of expansive-soil deformation, providing a better understanding of expansive soil geohazards. Furthermore, the method of retrieving the AZD is used to obtain the active layer of expansive soil in this channel section, providing support for an effective protective measure.
2.2 The dataset
In this study, the Sentinel-1 SAR data of ascending orbit in path 42 and frame 112 were obtained, spanning from July 2017 to May 2022, with 144 scenes, as shown in Figure 1B. The specific parameters of the SAR data used are listed in Table 1. The thresholds of the perpendicular and temporal baselines were set to 200 m and 96 days, respectively, for the construction of the multi-baseline interferometric pairs. To avoid the influence of severe atmospheric and decoherent noise, the interferograms with significantly noisy fringes in the objective region were excluded as much as possible, and finally, a total of 387 high-quality interferometric pairs were obtained. The resulting spatiotemporal baseline network is shown in Figure 2. In addition, to more accurately remove the contribution of the height phase, 30 m Copernicus DEM, derived during the MR-SNWDP construction, was used for differential interferometry.
TABLE 1 | Parameters of the Sentinel-1 SAR data used in this study.
[image: Table 1][image: Figure 2]FIGURE 2 | Spatiotemporal baseline network, with 200-m and 96-day perpendicular and temporal baseline thresholds, respectively.
Before the InSAR analysis using the EDWHE model, it is necessary to collect enough meteorological data, i.e., precipitation and temperature records, as the inputs of the EDWHE model, which can also support the subsequent analysis of the behavior of the ESS. For this reason, the daily rainfall and temperature data from recent years from the weather station in Huixian City were collected, as shown in Figure 3. It should be noted that there was abnormally high rainfall on 22 July 2021, much higher than the daily rainfall peak in previous years (corresponding to the peak in Figure 3).
[image: Figure 3]FIGURE 3 | Meteorological data from the weather station in Huixian City, which were used to construct the deformation model and for subsequent analysis. The blue bars denote the daily precipitation records and the solid yellow lines indicate the daily temperature records.
3 METHODOLOGY
In this study, the EDWHE model was applied to investigate the deformation pattern of the ESS in the Huixian City section of the MR-SNWDP. The time-lag approach was used to determine the active zone of the expansive soil (Li et al., 2023). The overall flowchart of the study is shown in Figure 4.
[image: Figure 4]FIGURE 4 | Workflow for investigating the expansive soil’s behavior using the elastoplastic deformation under wetting and heating effects (EDWHE) model and time-lag approach, which are highlighted by the gray, light-red, and light-blue boxes. [image: image], [image: image], and [image: image] denote average coherence, temporal coherence, and average intensity, respectively.
3.1 SAR data preprocessing
SAR data preprocessing, including co-registration, multi-look (4 [image: image] 1 in range and azimuth), and interferometry, was first completed using GAMMA software. Then, the adaptive filter and minimum-cost flow (MCF) were separately implemented to suppress the noisy signal and unwrap the phase (Goldstein and Werner, 1998; Costantini and Rosen, 1999). The filtering window should be relatively small to retain the spatial detail as much as possible. After that, phase ramps were removed by fitting the polynomial function before the time-series analysis, and a topographic power-law exponential model was exploited to mitigate the tropospheric disturbance (Bekaert et al., 2015; Li et al., 2019; Liang et al., 2019).
Considering that the research object (the expansive soil slope) is distributed in a pattern of long and narrow strips, which only occupies a small part of the whole image and the coverage area of the SAR data, there are various ground objects and complicated ground activities possibly affecting deformation interpretation. Therefore, to focus more on the spatial deformation pattern and analysis of the ESS along the channel of the MR-SNWDP, we created a 1 km buffer along both sides of the canal line with the InSAR data to isolate the main region of the channel, as shown in Figure 5.
[image: Figure 5]FIGURE 5 | Estimated parameters of time delays responding to rainfall infiltrations and temperature changes. (A) Rainfall-related and (B) temperature-related time delays.
Here, the strategy of multiple quality measures to select reliable pixels was employed (Yunjun et al., 2019; Li et al., 2023), in which the measures included average coherence [image: image], temporal coherence [image: image], and average intensity [image: image], separately shown in Supplementary Figures S1B–D. When selecting reliable points, the average coherence [image: image] was initially applied to mask out low-coherence pixels, after which the pixels with low phase closure and faint decoherence were further picked out by [image: image] (Yunjun et al., 2019; Li et al., 2023). Then, the average intensity (of the threshold set as 0.02) wass used as a complement to separate the pixels in the water body from the selected pixel subset. The final result is shown in Supplementary Figure S1A. As InSAR is a well-developed technique and has been qualified by a great deal of advanced research, the numerous practices demonstrate that we could calculate a theoretical accuracy of InSAR deformation through the given coherence and the Cramer–Rao bounds (Rodriguez and Martin, 1992; Delbridge et al., 2016; Zheng et al., 2023). The theoretical accuracy of InSAR deformation can be derived through the given parameters above (multi-look ratio, wavelength, and average coherence) and was [image: image].
Owing to the widespread existence of expansive soil in the study area, its unique expansion and contraction characteristics can increase the difficulty of selecting reference points in constant phase correction, which in turn will offset the derived time series of ESSs (Murray and Lohman, 2018; Jiang and Lohman, 2021; Zebker, 2021; Li et al., 2023). Here, we employed a multi-reference frame to mitigate the influence of the inaccurate selection of a local (single) reference, in the same way as Li et al. (2023). Therefore, we calculated the standard deviation (SD) of the time-series deformation of routine SBAS solution (Supplementary Figure S1A) and identified the reference frame by selecting pixels with an SD of less than 6 mm (Supplementary Figure S1B). Finally, the median phase value of the pixels under the reference frame was calculated and subtracted from each unwrapped interferogram.
3.2 Constructing the EDWHE model
Owing to the expansive soil’s characteristics and weather activities, the ESS deforms in a seasonal way that forms a specific elastoplastic behavior. Here, to characterize the deformation of the ESS in the CSHC of the MR-SNWDP, we employed an Elastoplastic Deformation model under Wetting and Heating Effects, referred to as the EDWHE model (Li et al., 2023). In this way, capturing the variations of elastic swelling-shrinkage deformation and the plastic accumulation of the ESS is possible. The EDWHE model is defined as:
[image: image]
where the first term [image: image] denotes the plastic deformation of the ESS that is the approximated polynomial function of time [image: image], in which [image: image] indicates a time-related coefficient; [image: image] represents the order of the [image: image]. In this study, we employed [image: image] to better characterize the non-linear plastic evolution of the ESS. The second term [image: image] corresponds to elastic deformation relating to efficient rainfall and mean temperature, in which the efficient rainfall [image: image] can take the persisting effect of previous rainfall infiltration into consideration, where [image: image] is taken as 15 days as in Li et al. (2023), [image: image] is the rainfall record at time [image: image], and [image: image] is time delays for a deeper layer influence of precipitation infiltration. [image: image] is the average temperature between two sequential SAR acquisitions, where [image: image] will shift the temperature data to characterize its delay effect. [image: image] can represent the magnitudes of swelling and shrinkage; [image: image] is the constant offset caused by the first two terms. Afterward, the EDWHE model can be integrated with the phase term of the residual height, [image: image], into the frame of SBAS analysis.
Here, the pattern-matching method developed by Li et al. (2023) was used to simultaneously estimate the time delays of precipitation and temperature from the coupled elastic swelling and shrinking. The method employed sum square error as the pattern-matching function to find the best similarities between the estimated elastic deformation [image: image] and the observable one [image: image]:
[image: image]
where [image: image] is first derived by initially assuming zero-value time delays and solving the EDWHE model. Then, an iterative procedure is performed 2–3 times to acquire more accurate estimates.
3.3 Retrieval of the active zone depth
To estimate the AZD of the ESS on the CSHC, we employed an InSAR-based time-lag approach developed by Li et al. (2023). The inversion of the AZD utilizes the derivation of a one-dimension diffusion equation (Mitchell, 1980), as follows:
[image: image]
where [image: image] is the depth of the active zone, [image: image] can be represented by the time delay of rainfall [image: image], [image: image] is the moisture diffusion coefficient, which is usually determined from field measurements or laboratory data, and [image: image] is the frequency of the suction cycle. The last two parameters are unknown.
Given the lack of any accessible ground-based data, we empirically used the upper value [image: image] in a general range [image: image] to [image: image] to be conservative, as suggested by Tu and Vanapalli (2016). Considering the same climatic zone as in Li et al. (2023), the frequency of the suction cycle [image: image] was determined. Hereafter, the AZD of the ESS along the channel could be retrieved.
4 RESULTS AND DISCUSSION
By solving the EDWHE model and employing the time-lag approach, a series of products within the boundaries of the canal buffer have been derived and are shown in this section. Except for general descriptions of the results, we further investigate the underlying behavior of expansive soil with external meteorological conditions in the CSHC.
4.1 Estimated parameters of the EDWHE model
The time delay parameters are crucial in the EDWHE model, accounting for the delayed swelling and shrinkage caused by rainfall infiltration and temperature changes. First, they are estimated through the pattern-matching method; hence, the EDWHE model can be solved in the linear least-square sense. The estimated time delays after three iterations are shown in Figure 5, which shows that the time delays caused by rainfall infiltration, which are generally greater than 100 days (Figure 5A), are considerably greater than the temperature-related ones, which are generally close to zero (Figure 5B). In addition, the time delays of rainfall seem to spatially distribute in clusters; therefore, the size may be large or small depending on the ground setting (ground types, geological conditions, etc.). Temperature-induced time delays are spatially uniform due to all their lower values. From the results, we can see that the ESS takes longer to respond to rainfall infiltration but, conversely, responds rapidly to temperature changes.
After obtaining two parameters of the time delays, the EDWHE model can be inverted through the linear least-square solution, thereby obtaining each estimate of the model coefficients, as shown in Figure 6. The first four estimated coefficients in Figures 6A–D are time-dependent terms representing the long-term plastic evolution. We know that plastic deformations accumulate gradually to significant magnitudes in a decaying way. Figures 6E, F indicates the magnitudes of the elastic expansion and contraction deformation of expansive soil. Figure 6E shows the deformations responding to rainfall infiltration, which are basically positive values, and have maximum values up to 0.12 mm/mm on some sections of the channel slopes. Figure 6F shows the temperature-related deformation coefficient, which illustrates a negative correlation with temperature in the channel slope and a significant positive correlation outside the channel in the urban area. Figure 6G shows the topographic discrepancies relative to the Copernicus DEM. The positive values mainly appear in urban areas, mostly caused by urban construction; there are also positive residual heights on the channel slope, which may also be caused by slope construction.
[image: Figure 6]FIGURE 6 | Estimated coefficients in the EDWHE model. Each subplot indicates the values of (A) [image: image]; (B) [image: image]; (C) [image: image]; (D) [image: image]; (E) [image: image] (F) [image: image]; and (G) [image: image].
4.2 Deformation analysis
4.2.1 Spatial pattern of the InSAR deformation
Owing to the lack of knowledge about the study area’s canal structure, we also collected 30 m resolution SRTM DEM of the corresponding area. We subtracted it from the sum of the Copernicus DEM and residual height (Figure 6G) to obtain the quasi-ground heights (Figure 7). Given the quasi-ground height results, we divided the channel in the study area into four main sections, as shown in Figure 7, delineated by the light gray dashed boxes “a-d”.
[image: Figure 7]FIGURE 7 | The difference between the 30 m SRTM dem and the sum of Copernicus dem and the estimated dem error [image: image].
The CSHC consists of completely excavated/filled or half-excavated and half-filled slopes, and a clear building distribution surrounding the channel can also be observed (Figure 7). Afterward, combined with the InSAR deformation results, the causes of specific deformation generation are discussed and analyzed. There are several clusters with positive coefficients of temperature-dependent deformation in urban regions (Figure 6F), corresponding to the significant positive height region in Figure 7. It is easy to infer that it is the result of the building’s thermal expansion.
Subsequently, the InSAR products––the annual LOS displacement velocity and InSAR time series––could be derived. Here, we first describe the spatial characteristics of LOS displacement rates (Figure 8) and then discuss the InSAR time series. In these canal sections, the slope deformation does not distribute continuously or extensively but occurs in scattered small pieces, and the deformation rates are positive and negative, mainly fluctuating in the range of magnitude of 6.0–20 mm/year. The deformation magnitudes may result from heterogeneity in the ESSs of different formations and geological conditions. In addition, some of the causes of the observed deformation in the slope are possibly contributed to by slope maintenance or construction.
[image: Figure 8]FIGURE 8 | Annual LOS deformation rates. The dashed white boxes a-d indicate the local sections where the slopes with significant deformation are. The dashed black boxes a-d in Figure 7 delineate the same local regions.
Furthermore, the four local regions “a-d” marked in Figure 8 are magnified separately to display where the time-series deformations on several feature points are plotted (Figures 9–12). According to the LOS deformation rates, we observed that the unstable slopes are small and distributed sparsely along the channel. Then, we could understand that slope instability does not occur continuously or on a massive scale but rather in small and scattered areas, which significantly increases the challenge of slope monitoring and treating the unstable zones. The deformation time series of the unstable regions generally evolved exponentially and were accompanied by significant swelling and shrinkage (the featured points in Figures 9–12). We can note that there was a significant acceleration of the ESS displacements around 22 July 2021. It demonstrates that torrential rain on these days severely impacted the stability of the ESS and facilitated their down-slope movements.
[image: Figure 9]FIGURE 9 | The magnified local region “a” denoted in Figure 7 and Figure 8, with the same colormap and scale as Figure 8.
[image: Figure 10]FIGURE 10 | The magnified local region ‘b” denoted in Figure 7 and Figure 8, with the same colormap and scale as Figure 8.
[image: Figure 11]FIGURE 11 | The magnified local region “c” denoted in Figure 7 and Figure 8, with the same colormap and scale as Figure 8.
[image: Figure 12]FIGURE 12 | The magnified local region “d” denoted in Figure 7 and Figure 8, with the same colormap and scale as Figure 8.
It is also intriguing that different locations on the channel slope exhibit diverse accumulation trends. Taking points P1 and P2 as an example, they are located at the canal section with the same slope direction, but their deformation trends are inverse, possibly because of the geometric structure of the slopes and the limitation of satellite SAR imagery. According to Figure 9, P2 is located at the filling part of a half-cut and half-fill slope, where settlement may occur at a significant magnitude, which turns out to be negative LOS deformation, and its temporally exponential evolution shown in Figure 9 proves this process. For other sub-regions, the feature points basically exhibit the elastoplastic characteristics as described above. Except for P9 and P12, they (Figures 11, 12) are the points outside the canal slope, of which the displacements were caused by engineering construction.
Although the evolutions of time series with the deformation pattern specific to ESS were captured, the magnitudes of displacements seem to differ among sub-regions “a-d" of Figures 9–12. Specifically, the final accumulated LOS displacements of those featured points in sub-region “b, c" (except for P9) were generally less than those of others, i.e., sub-region “a, d", approximately 20 mm. It is presumable that the direction of the canal slope extending and the viewing mode of the SAR satellite causes this phenomenon, as a result of the deformation pattern of the downslope slide in the ESS; the LOS displacements in this case will become larger at a slope that extends non-west-east than at one along “west-east” where the slope movements are approximately in a south-north direction, i.e., sub-region “b, c" (Ng et al., 2003; Li et al., 2023). It is a pity that only a single source of SAR data was available, and therefore, we could not view the deformation pattern of the ESS from a two-dimensional or even three-dimensional perspective (Zheng et al., 2023).
4.2.2 Dynamic of the elastic deformation
Elastic swelling and shrinkage are the main incentives for the progressive landslide of the ESS (Ng et al., 2003; Dai et al., 2021; Li et al., 2023); therefore, further analysis of its evolving characteristics is necessary. Therefore, in this section, we decouple the ESS’s deformation through the EDWHE model and then derive the elastic-plastic component. Here, the time series of elastic deformation corresponding to P2, P5, and P7 are analyzed as examples (Figure 13). Among them, the delay times of points P2, P5, and P7 corresponding to rainfall infiltration are 18, 2, and 153 days, respectively; the temperature-induced ones are 49, 3, and 6 days, respectively.
[image: Figure 13]FIGURE 13 | Evolutions of the elastic swelling-shrinkage deformations. Three elastic deformation time series are located at feature points (A) P2, (B) P5, and (C) P7. The black triangles indicate the elastic deformation of the expansive soil, which is then fitted by the solid green lines. The light green and gray shadows are the daily precipitation and monthly temperature.
The elastic deformation is prone to obvious shrinkage deformation under the influence of high temperature every summer, corresponding to the green fitting lines in Figure 13 significantly evolving downward during that period. Under the temperature change, the elastic contraction presented periodic changes on a long-term scale. However, summer also corresponds with a rainy season; therefore, it can be observed that the elastic deformation appears to uplift mid-year in some years with heavy rainfall. In the extraordinary rainstorm that occurred in July 2021, significant swelling can be observed as a result of a large amount of rainfall infiltration, which is also the reason for the significant acceleration of plastic deformation during this period. In addition, we find that, for P7, the response of the soil shrinkage to temperature is not obvious; by contrast, it responds greatly to rainfall events and therefore it mainly shows expansion deformation in summer. This may be attributed to the different geological properties of P7.
The elastic deformation mentioned above is the process of swelling and shrinkage coupling, which results in uplift or settlement, as analyzed previously, mainly depending on geological and meteorological conditions. Under monsoon effects, the frequent swelling and shrinkage provide more chances to weaken slope strength and accelerate slope instability (Ng et al., 2003; Bao, 2004).
4.3 Active zone depth
Owing to the lack of ground measurement data in the study area, the necessary parameters in Equation (8) were determined empirically by the moisture diffusion coefficient [image: image] and suction cycle frequency [image: image]. Here, to focus on the AZD distribution pattern of the ESS in the CSHC, the region outside the channel was cut out, and the retrieval of the AZD was then completed, which is shown in Figure 14. The most active zones are in shallow layers of expansive soil, and the other part of them extends to greater depths, up to 4 m. It does reflect the spatial distribution of the AZD at different locations. Additionally, we could see that the AZDs on the bridges across the channel are generally close to zero, which means there is no active zone under the bridges. Furthermore, most of the AZDs are uniform and continuous along the canal sections (e.g., downstream of the channel in Figures 14C, D). In fact, in the shallow active zone in the canal slope, those AZDs close to [image: image] demonstrate the effectiveness of the waterproof measure on the ESS that prevents moisture or rainwater from permeating deeper. However, there are discrete and abnormal values among the uniform AZDs in some sections (e.g., Figures 14A, B). It may be the reason that the construction and maintenance of the ESS during the monitoring period brought in a different deformation pattern unrecognizable to the EDWHE model, which can probably lead to the overestimated time lag and then the abnormally high value of the AZD in some locations.
[image: Figure 14]FIGURE 14 | The Active Zone Depth (AZD) results along the channel.
Although using the time-lag approach to calculate AZD has been evaluated in the geotechnical field and has demonstrated its effectiveness, the lack of ground data makes it the only choice for determining the diffusion coefficient [image: image] empirically by Tu and Vanapalli (2016) and stops further quantitative analysis of AZD retrieval based on the InSAR results. Therefore, in the future, it will be necessary to use in situ-measured AZD to verify the efficiency of the InSAR-based method of retrieving AZD.
5 CONCLUSION
In this study, we collected 144 Sentinel SAR data between July 2017 to May 2022 to study the behavior of expansive soil in the Huixian section of the MR-SNWDP to provide a further understanding of ESS displacement and investigate the impact of torrential rainstorms on the stability of the ESS, consequently supporting the protective measure for geohazards in expansive soil in the MR-SNWDP. To this end, the EDWHE model was applied to interpret the expansive soil’s elastoplastic deformation. Except for deriving the deformation results by solving the model, the time delays responsible for rainfall and temperature were estimated simultaneously, and the rainfall-induced delay was used for subsequent AZD retrieval using the time-lag approach.
According to the estimated time delays, the expansive soil deformation responses are longer for rainfall infiltration than for temperature change. As revealed by the InSAR results, the unstable zones are small and distributed on the channel slope in the study area, where the LOS deformation rates are generally no more than the absolute values of 20 mm/year. The displacement time series on some feature points temporally accumulate with significant seasonal swelling and shrinkage. The extreme torrential rains on 22 July 2021, in Huixian City led to the significant displacement acceleration of the ESS. Owing to the slope aspects and geometric structure in different locations, the magnitudes and evolving trends of the ESS’s LOS displacements may be different. Additionally, the elastic deformations are derived through the model. We find there is significant coupled swelling and shrinkage in the rainy/hot season, and the elastic deformation presenting uplift or settlement mainly depends on geological and meteorological conditions.
The depths of the active zone in the study area were obtained through the InSAR-based lag-time approach, which illustrated their spatial distribution pattern with high resolution. Even though we could not further quantify the accuracy of the retrieved AZD because of the limited available ground data, it does provide the potential to support the protective measures for the unstable ESS in the MR-SNWDP.
Nevertheless, the studies carried out in this paper investigated the behavior of the ESS from a macroscopic perspective using InSAR and can offer a better understanding of the prevention of expansive soil geohazards, which is significant for the safety of the MR-SNWDP.
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