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Abstract: Shallow-buried high-intensity mining (SHM) activities commonly in China’s western
mining area will lead to the decrease of groundwater level and soil water content (SWC), which
will aggravate the further deterioration of the local fragile ecological environment. In this study, the
applicability and limitations of six typical soil dielectric models were comprehensively evaluated
based on ground penetrating radar (GPR) technology and shallow drilling methods. Moreover,
experiments were performed to test the variation of SWC in Ningtiaota minefield affected by the
SHM. The results show that the fitting effect of the four empirical models and two semi-empirical
models on the clay is better than that of the medium sand. Among the six models, the Ledieu model
has the best performance for medium sand, and the Topp model for clay. After SHM, the shallow
SWC decreases as a whole. The decreasing range is 4.37–15.84%, showing a gradual downward trend
compared with the one before mining. The shorter the lagging working face distance, the greater the
drop of SWC will be. The longer the lagging working face distance, the smaller the drop of SWC will
be showing a gradual and stable trend.

Keywords: arid and semi-arid areas; shallow-buried high-intensity mining; soil water content; bulk
dielectric permittivity

1. Introduction

Mineral resources provide a powerful impetus for the development of human society.
However, due to its long formation cycle, low reserves, early extensive mining, the prob-
lems of regional land use change, and ecological environment deterioration have become
increasingly serious [1,2]. The impact from mineral resources exploitation on the ecological
environment has become a hot research topic for scholars [3–10]. Coal, as China’s most
important fossil energy source, accounts for more than 60% of China’s energy structure [11],
which plays a very important role in promoting the development of the national economy
and social progress. With the gradual depletion of coal resources in eastern China, the
focus of coal development has shifted to the northwest arid and semi-arid areas with fragile
ecological and geological environment [12,13]. Shanxi Province, Shaanxi Province, and
the western part of Inner Mongolia Autonomous Region have gradually become the main
coal producing areas in western China [14]. These areas have many mineable coal seams,
shallow burials, large thicknesses, abundant coal resources, and uncomplicated geological
conditions. [15] With the improvement of coal mining technology and equipment, high-
intensity mining is becoming more common in these areas to meet the increasing coal
demand [16,17]. Compared to the situation of great burial depth and low mining intensity,
the rock formation and surface damage caused by SHM show new characteristics, such
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as the serious “two zone” characteristics of serious damage to the overlying stratum, the
strong work surface pressure, and the severe damage to the surface [18]. The decline of
groundwater level and the decrease of SWC caused by high-intensity mining in shallow
buried coal seams aggravate the water resources shortage and the fragile ecological en-
vironment in the mining areas [19]. In order to realize the coordinated development of
high-efficiency green mining of coal resources and ecological environment protection, it is
necessary and urgent to study the impact of SHM on the shallow SWC.

As the most important ecological environmental factor in arid and semi-arid areas,
water determines the ecological environment evolution process of oasis and desertification
in the areas [20]. As the content of soil organic matter and soil inorganic nutriments
in shallow stratum is low, which is the case in arid and semi-arid coal mining areas,
the main factors affecting the quality of land reclamation are soil media and SWC [21,22].
Therefore, the distribution of SWC is a key factor affecting vegetation growth and ecological
environment in this area [23]. It is of vital significance to measure the SWC of shallow strata
quickly and accurately for environmental governance and ecological restoration [24,25].
Currently, the common methods for measuring SWC include gravimetric method [26],
time domain reflection method (TDR) [27], frequency domain reflection method (FDR) [28],
radiation method [29], ground penetrating radar method (GPR) [30], and remote sensing
method [31]. The gravimetric method is easy to operate and accurate and can be used
as a standard for testing other soil water detection methods. However, this method is
time-consuming and laborious, and will damage the soil structure, which will result in
the inability to measure the soil samples multiple times to obtain continuous soil moisture
conditions at the same location [32]. TDR, FDR, and radiation methods are all implemented
in single-point measurement methods, which cannot meet the needs for measuring the
large range of soil in coal mining areas quickly and continuously [33]. Remote sensing
methods have the characteristics of high timeliness and strong dynamic contrast and can
monitor large ranges of SWC and other information for a long time. However, it can only
measure the superficial layers of the soil [34,35].

The GPR method has been widely popular with many scholars because it can re-
alize continuous, rapid and large-scale SWC detection [36–40]. The GPR method has
great advantages in the detection of SWC in large-area mining areas. The method is
usually based on the construction of quantitative relationships between media SWC and
dielectric permittivity [41,42]. Scholars have conducted a lot of research on the rela-
tionship between dielectric permittivity and SWC in different soil conditions, and pro-
posed many interesting dielectric-water content models, such as, the empirical models
put forward by Topp et al. [43] (1980), Ledieu et al. [44] (1986), Alharthi et al. [45] (1987),
Roth et al. [46] (1992), and Pepin et al. [47] (2011), the semi-empirical models put forward
by Roth et al. [48] (1990) and Malicki et al. [49] (1996), and the theoretical models put for-
ward by Cosenza et al. [50] (2003) and Chelidze and Guéguen [51] (1999). However, there
are still some limitations in adaptability. For example, the Alharthi model is obtained at
room temperature, and the Pepin model is used for organic soils. The theoretical model
can generally reflect the main characteristics of the soil geometric structure, but the results
are not ideal for soils with complex structures and strong interactions between phases.

Therefore, in this study the aim is to calculate the corresponding water content values
according to six typical water content models and compare them with the water content
value measured by the gravimetric method to comprehensively evaluate the applicability
and limitations of the models. The dielectric permittivity is calculated using precise
wave speed of radar waves obtained by GPR data and drilling methods. Moreover, it
compares the changes in water content before and after mining to analyze the effect of
SHM on the shallow SWC in the minefield. The research can provide a theoretical basis for
ecological restoration work such as vegetation restoration and farmland reclamation in the
ecologically fragile areas of the SHM area.



Water 2021, 13, 361 3 of 14

2. Materials and Methods
2.1. Study Area

Ningtiaota minefield is located in the northwest of Shenmu county, Yulin city, Shaanxi
province, China, within an area of 136.1 km2. The location is shown in Figure 1. The
stratum in the minefield is mild, and the surface is aeolian sand landform. The soil type
and granularity distribution in the study area measured by the experiment are shown in
Table 1. The area is arid, dry and has a large amount of evaporation. The average annual
precipitation is 427.8 mm, and the average potential evapotranspiration is 1788.4 mm.
Rainfall is mostly concentrated within the period from July to September and is character-
ized by semi-arid continental monsoon climates. The minefield has a multi-year average
temperature of 8.6 ◦C, a maximum average temperature of 23.9 ◦C in July, and a minimum
average temperature of −9.3 ◦C in January. Vegetation is dominated by sandy vegetation
such as Salix Psammophila, Artemisia Desterorum, and Caragana Korshinskii. There are
mainly two rivers in the minefield, Kaokaowusu Ditch and Zhugai Ditch. Kaokaowusu
Ditch is the northern boundary of the south wing of the coal mine, traversing the central
and northern part of the minefield from west to east. With a total length of 41.9 km and
a drainage area of 259.5 km2, the river has been observed for many years with a general
flow rate of 0.410–1.768 m3/s. Zhugai Ditch is located at the northern boundary of the
minefield, with a river length of 29 km and a drainage area of 177 km2. The river flow is
strongly affected by seasonal rainfall.
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Table 1. Soil type and granularity distribution in the study area.

Soil Types Percentage of Clay (%),
<0.005 mm

Percentage of Silt (%),
0.005–0.25 mm

Percentage of Sand (%),
0.25–0.5 mm

Medium sand 12 27 61
clay 40 42 18

Ningtiaota minefield adopts inclined shaft development and fully mechanized caving
technologies. The working faces (S12001, S12002, and S12003) in the south wing of the
Ningtiaota minefield are used as detection and sampling areas. The location of the study
area is shown in Figure 2a. The distance from the southern boundary of the study area to
the open-off cut of the working face is 1075 m. S12001, S12002, and S12003 work surface are
typically buried at shallow depths, with high-yield, large work surface, and fast promotion
of a thick mining working face. The working faces (S12001, S12002, and S12003) are typical
high-strength mining working faces with shallow depth, large mining height, large working
face, rapid advance, and full-thickness mining at one time. The coal seam in the study area
has a ground elevation above sea level of 1103–1065 m, a burial depth of 14–212 m, a coal
seam thickness of 3.70–9.79 m, an average coal seam thickness of 6.60 m, a working face
length of 274–344 m, and an average advancing speed of about 10 m/d.
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2.2. Survey Lines and Sampling Points Layout

Three survey lines were laid in the study area. Two of them were arranged along the
inclination direction of the working face with a length of 400 m, and the other one was
arranged along the strike direction of the working face with a length of 1200 m. The layout
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location is shown in Figure 2b. A sampling point was set every 200 m for each survey line,
and the distribution of sampling points is shown in Figure 2b. Two sampling operations
were designed according to the mining schedule. The first sampling was conducted on
16 December 2019. At this time, the working face had approximately advanced to the
vicinity of the southern edge of the study area, and the working face in the study area had
not yet been mined. The second sampling was carried out on 1 June 2020, at which point
the working face had been pushed away from the study area. Both sampling tasks were
completed within 5 days, during which the weather conditions were good. By the time the
first sampling began, the working face S12003 had been mined. By the end of the second
sampling process, the working face S12001 had not been mined.

2.3. Sampling Method

Figure 3 shows the sampling tools and sampling process. During the detection, we
set the number of sampling points and the sampling time-window to 1024 and 200 ns,
respectively. In shallow strata, the laboratory soil samples were obtained by drilling. For
the selected measuring points on each survey line, the Luoyang shovel (Figure 3c) and
cutting ring (Figure 3b) were used as tool to drill and sample. The samples were collected
every 0.5 m, the upper limit of the sampling depth was 10 m. When the soil sample in
the cutting ring was removed, it was immediately put into an aluminum box and sealed
for storage.
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Figure 3. Real shots of the sampling tools and sampling process. (a) The staff are conducting radar detection. (b) The cutting
ring and aluminum box used for sampling. (c) Luoyang shovel.

2.4. GPR Detection Principle (Wave Velocity Calibration Method)

The GPR emits high-frequency broadband electromagnetic waves in the form of pulses
to the underground. When electromagnetic waves propagate underground, the relative
permittivity of the medium and the electromagnetic wave velocity satisfy the following
relationship [52]: {

t = 2z
v

v = c√
εr

(1)

where t is the travel time of electromagnetic waves propagating in the medium (ns), z
is the depth of the reflecting surface encountered by the electromagnetic wave (m), v is
the propagation speed of electromagnetic waves in the current medium (m·ns−1), c is the
propagation speed of electromagnetic waves in vacuum (m·ns−1), and εr is the relative
permittivity of the current medium.

The two-way travel time of the radar wave reaching the reflective interface in the
radar profile is obtained by identifying the reflexion through the GPR data. At the same
time, the different soil layers positions in the study area are calibrated based on the drilling
sampling results. Obtaining the depth of the medium layer and the travel time of the radar
wave, the wave speed of the radar wave in different media can be calculated, then the
relative permittivity of different media can be determined.
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2.5. SWC Calculation Methods
2.5.1. Topp Empirical Model (1980)

Topp et al. [43] established an empirical relationship between soil volumetric water
content and soil dielectric permittivity, commonly known as the Topp empirical model, on
the basis of the results of tests on four soils in 1980. Compared with other soil dielectric-
water content models, the advantage is that only one parameter of the soil dielectric
permittivity can determine the SWC, without taking into account other soil parameters such
as soil texture, bulk density, temperature, solution salt content, and soil moisture history.
These characteristics of the Topp empirical model make it the most widely used general
formula, especially for determining the relationship between SWC and soil dielectric
permittivity in high frequency domains (20–1000 MHz). The specific expression is shown
in Equation (2):

θV = −5.3× 10−2 + 2.92× 10−2εr − 5.5× 10−4ε2
r + 4.3× 10−6ε3

r (2)

where θV is the calculated volumetric water content (cm3·cm−3) and εr is the relative
permittivity of the medium.

2.5.2. Empirical Models Using the Refractive Index
√

εr

Ledieu et al. [44] used a time domain reflectometer (TDR) method to measure SWC on
site, and used the square root formula to characterize the relationship between volumetric
water content and dielectric permittivity:

θ = 5.69t− 17.58 (3)

where θ is the volumetric water content (%). After removing the percent sign, we can get:

θV = 0.0569t− 0.1758 (4)

It can be seen from Equation (1) that the relative permittivity of the medium and the
electromagnetic wave speed satisfy the following relationship:

√
εr =

ct
2z

(5)

where c is the speed of light (3 × 108 m·s−1) and z is the probe length (30 cm). By
introducing Equation (5) into Equation (4), we can get the following results:

θV = 0.1138
√

εr − 0.1758 (6)

This type of model formula not only includes the apparent dielectric permittivity
measured by TDR, but also considers the bulk density (or porosity). The common Malicki
model and its revised model are [49]:

θV =

√
εr − 1.44

7.16
(7)

and

θV =

√
εr − 0.819− 0.168ρb − 0.159ρ2

b

7.17 + 1.18ρb
(8)

where ρb is the dry soil bulk density (g·cm−3). Equation (7) was obtained by Malicki et al.,
who selected 62 mineral soil and organic soil samples, and obtained it under the condition
of considering only the dielectric permittivity. Equation (8) was obtained by Malicki et al.
after considering the bulk density of the soil and re-measured TDR.
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2.5.3. Roth Electromagnetic Mixing Model (1990)

Roth et al. [48] considered physical mixing laws and obtained the following relation-
ship by performing analysis of 9 types of mineral soils and 7 types of organic soils in the
literature:

θV =

√
εr − 0.63− 0.62ρb

8.18
(9)

2.5.4. Roth Empirical Model (1992)

In 1992, Roth et al. [46] proposed three different empirical formulas for mineral soil,
organic soil and magnetic soil. The empirical formula for mineral soil is also similar to
the third-order polynomial of the Topp model, but the coefficients are different, and the
prediction error is 0.015 m3·m−3. The specific expression is shown in Equation (10):

θV = −7.28× 10−2 + 4.48× 10−2εr − 19.5× 10−4ε2
r + 36.1× 10−6ε3

r (10)

2.5.5. Gravimetric Method

The aluminum box containing the soil sample was weighed with a scale to obtain the
weight m1. Then it was placed in an oven at 105 ◦C for about 12 hours until the weight
became constant. After that, the mass was weighed and recorded as m2. The size of
the cutting ring used was Φ 50.46 mm × 50 mm, and the volume V0 was 100 cm3. The
calculation formula for SWC is

θg =
m1 −m2

ρwV0
(11)

where θg represents the water content value obtained by the gravimetric method (cm3·cm−3),
m1 is the weight of wet soil and aluminum box (g), m2 is the weight of dry soil and alu-
minum box (g), ρw is the density of water (g·cm−3), and V0 is the volume of the cutting
ring (cm3).

2.6. Error Analysis

The SWC measured by the gravimetric method was compared with the calculated
values of each model based on the GPR data to evaluate the advantages and disadvantages
of the six soil dielectric models. The accuracy of the calculated value is reflected by the root
mean square error (RMSE). RMSE is the value calculated based on the square root of the
mean square error. The closer the RMSE is to 0, the higher the accuracy of fit. RMSE is
expressed as

RMSE =

√
∑
(
θg − θV

)2

n
(12)

where n represents the number of experimental observations.

3. Results and Discussion
3.1. Comparative Analysis of SWC Calculation Methods

The different media positions information and dielectric permittivity obtained from
drilling sampling results and GPR data profiles are shown in Table 2. Since clay did not
appear in some of the boreholes, 18 sets of medium sand dielectric permittivity, and 16 sets
of clay dielectric permittivity were obtained by the GPR wave velocity calibration method.

We compared the calculated SWC with the measured SWC using six typical empirical
models, and calculated their root mean square error (RMSE). The results are shown in
Figure 4 and Table 3.
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Table 2. The dielectric permittivity of the soil medium at different sampling points obtained by the wave velocity calibration
method.

Sampling
Time

Point
Sample Soil Depth

(m)
Thickness

(m)
Time
(ns)

Dielectric
Permittiv-

ity

Measured
water

Content
(cm3·cm−3)

Bulk
Density
(g·cm−3)

The first
sampling

1
Medium sand 3.6 3.6 55 5.2517 0.0675 1.7279

clay 6.3 2.7 130 9.5805 0.2017 7.6899

2
Medium sand 3.9 3.9 71 7.4571 0.0716 1.6829

clay 6.2 2.3 136 10.8262 0.2086 1.8927

3
Medium sand 1.5 1.5 27 7.2900 0.0965 1.5674

clay 6.1 4.6 135 11.0202 0.2125 1.4518

4
Medium sand 1.8 1.8 33 7.5625 0.0463 1.6157

clay 3.8 1.5 78 9.4799 0.2229 1.6612

5
Medium sand 1.5 1.5 28 7.8400 0.0749 1.3896

clay 5.1 2.2 114 11.2422 0.1436 1.3266

6
Medium sand 2.3 2.3 42 7.5028 0.0966 1.6781

clay 4.8 1.5 107 11.1807 0.2490 1.8336

7
Medium sand 1.9 1.9 35 7.6350 0.1131 1.7753

clay 5.8 3.9 128 10.9584 0.2295 1.6984

8
Medium sand 3.4 3.4 61 7.4300 0.0568 1.6920

clay 7.8 2.2 158 9.2322 0.2223 1.6587
9 Medium sand 8.7 8.7 155 6.9151 0.0529 1.5998

The second
sampling

1
Medium sand 3.4 2.9 57 6.3237 0.0553 1.5279

clay 5.2 1.8 116 11.1967 0.1855 1.5886

2
Medium sand 2.5 2.5 38 5.1984 0.0516 1.4775

clay 4.3 1.8 89 9.6389 0.1863 1.5716

3
Medium sand 1.5 1.5 26 6.7600 0.0576 1.4537

clay 6.5 5.0 136 9.8499 0.1952 1.4121

4
Medium sand 1.5 1.5 26 6.7600 0.0418 1.5045

clay 2.0 0.5 41 9.4556 0.1602 1.5988

5
Medium sand 2.7 2.7 44 5.9753 0.0447 1.3831

clay 5.1 2.2 105 9.5372 0.1927 1.3229

6
Medium sand 1.5 1.5 25 6.2500 0.0564 1.3314

clay 4.7 1.2 103 10.8059 0.2067 1.5607

7
Medium sand 1.8 1.8 31 6.6736 0.0866 1.6050

clay 4.5 2.7 102 11.5600 0.2118 1.6213
8 Medium sand 5.5 5.5 122 8.1804 0.1209 1.5085

9
Medium sand 5.5 5.5 89 5.8258 0.0460 1.5266

clay 9.3 1.5 206 11.0395 0.2105 1.3938

It can be seen from Figure 4 and Table 3 that the RMSE value range is 0.0284–
0.0549 cm3·cm−3. The range of RMSE value is 0.0560–0.0968 cm3·cm−3. On the whole,
the degree of fitting of the six empirical models on the clay is better than that of the
medium sand. Among the six models, the best model performance for medium sand is
the Ledieu model with RMSE of 0.0560 cm3·cm−3, the followed model is the Topp model
with RMSE of 0.0567 cm3·cm−3, and the worst model is the Maliki 2 model with RMSE of
0.0968 cm3·cm−3. Although the Ledieu model and the Topp model perform better here, the
overall calculation values of these models are too large relative to the measured values, to
accurately predict the SWC of the medium sand in the region, and model correction work
is needed to obtain better prediction results. For clay, the Topp model has the best perfor-
mance with RMSE of 0.0284 cm3·cm−3, and the Malicki 2 model has the worst performance
with RMSE of 0.0549 cm3·cm−3.
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Table 3. Error analysis of calculated SWC by dielectric models and measured SWC by gravimetric
method.

Soil Category Model Name RMSE (cm3·cm−3)

Medium sand

Topp et al. [43] 0.0567
Ledieu et al. [44] 0.0560

Malicki et al. 1 [49] (Equation (8) in this study) 0.0629
Malicki et al. 2 [49] (Equation (7) in this study) 0.0968

Roth et al. [48] 0.0600
Roth et al. [46] 0.0865

Clay

Topp et al. [43] 0.0284
Ledieu et al. [44] 0.0294

Malicki et al. 1 [49] (Equation (8) in this study) 0.0388
Malicki et al. 2 [49] (Equation (7) in this study) 0.0549

Roth et al. [48] 0.0355
Roth et al. [46] 0.0334

Therefore, it is recommended to use the Topp model to predict clay SWC. The Malicki
1 model and the Roth (1990) model have improved performance in their applicability
compared to considering only dielectric permittivity, especially the Malicki 1 model, due to
the effect of adding bulk density. However, it should be pointed out that their applicability
is still limited to the initial test data or test samples.

3.2. Variation in Shallow SWC before and after Mining

We selected point samples 8 and 9 on the working face 12,001 survey line in the
unmined area for shallow formation drilling samples to compare the effects of rainfall,
evapotranspiration, and other natural conditions on the SWC of shallow formations. The
change of SWC obtained by two samplings is shown in Figure 5.
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affected by mining. (a) Change of SWC obtained from two samplings at No. 8 measuring point. (b) Change of SWC
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It can be seen in Figure 5 that compared with mining before, the overall average
water content in SWC increases after mining at No. 8 and No. 9 is −9.47% and −6.79%,
respectively, the change is less than 9.50%. The trends of SWC at different depths is basically
the same. This shows that the changes of rainfall, temperature and other factors in the
unmined area has little effect on the variation of SWC in the study area. It can reflect
variation characteristics of shallow formation water content affected by mining through
comparing the changes in the shallow formation water content of the study area before
and after the mining of point samples No. 1–7.

We tested the SWC data in the study area before and after mining within the upper
limit of 6 m in the depth direction of No. 1–7 measuring points to investigate the effect of
SHM on the shallow SWC in the minefield. The distribution of SWC in the different level
of depths before and after mining were averaged to analyze the changes in SWC affected
by mining. The result is shown in Figure 6.
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One can see from Figure 6 that the shallow SWC shows a decreasing trend as a whole
after the coal seam in the minefield is mined. The reason is that the overlying stratum
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sinks and breaks by layers after the shallow coal seam undergoes high-intensity mining.
The mining damage is transmitted upwards to the surface, causing surface damage. The
surface damage caused in the form of surface subsidence and cracks has destroyed the
bedrock aquifer and even the loose aquifer near the surface. This changes the movement
law of groundwater and soil moisture, which leads to the decline of groundwater level and
the decrease of SWC.

We regressed the increase in the overall average water content at sampling points
No. 1–7 to quantitatively analyze the amplitude of changes in the overall average water
content before and after mining and the “self-recovery” characteristics of the surface SWC
after mining. The regression curve is shown in Figure 7. The negative value indicates that
the soil overall average water content after mining is in a downward trend compared to
that before mining. It can be seen from Figure 7 that the overall average water content
of measuring points No. 1, 2, 3, 4, 5, 6, and 7 are 0.0881, 0.0765, 0.1608, 0.0739, 0.1099,
0.1598, and 0.1734 cm3·cm−3, respcetively. Compared with pre-mining, it has decreased by
15.84, 10.84, 7.63, 6.93, 5.63, 4.82, and 4.37 %, respectively, and the decreasing rate shows a
gradual declining trend.
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The reason is that the goaf, as time goes by, has basically collapsed after the coal seam
is mined, and gradually compacted during the main roof rotation and subsidence process.
The surrounding rock tends to be stable, and the surface SWC shows “self-recovery” [53]
feature. The measuring points from No. 1 to 7 are located in the trend direction of the
working face, and the working face passes through measuring points 7 to 1 in sequence.
The area where measuring point No. 1 is located, lags behind the working face for a short
distance in the second sampling, so the SWC has a larger drop. The area where measuring
point No. 7 is located lags behind the working face for a longer distance. At this time, the
advancing position of the working face has left measuring point No. 7 area for more than
120 days. The surface has gone through a period of active subsidence and entered a stable
period. The SWC has gradually recovered, so the drop in water content is relatively small.
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The increase of the overall average water content varies with the point samples along
the trend direction of the working face, in accordance with the following formula:

I = −26.89 + 2.54×
(

1− e
−x
4.88

)
+ 18.98×

(
1− e

−x
1.24

)
, R2 = 0.9967 (13)

where I is the increase in the overall average water content of the soil (%) and p is the point
sample position along the trend direction of the working face.

4. Conclusions

This study first comprehensively evaluated the applicability and limitations of six
typical soil dielectric models, and then compared the changes of shallow SWC in the
wellfield before and after mining. The following conclusions can be drawn:

(1) Across the board, the fitting effect of the four empirical models (Topp et al. [43],
Ledieu et al. [44], Malicki et al. [49], and Roth et al. [46]) and two semi-empirical models
(Malicki et al. [49] and Roth et al. [48]) on the clay is better than that of the medium sand.
The Ledieu model [44] has the best performance for medium sand and the Topp model [43]
has the best performance for clay.

(2) The shallow SWC showed an overall decreasing trend, after the high-intensity
mining of shallow buried coal seams, compared to the pre-mining period, the decrease
showed a gradual downward trend. The shorter the lagging working face distance is, the
greater the drop of SWC will be. The longer the lagging working face distance, the smaller
the drop of SWC will be, showing a gradually stable trend.

(3) In this work, although we evaluated and studied the adaptability of several com-
mon dielectric models based on typical soils in the minefield, there is still a lack of dielectric
models that are fully adapted to the special soil conditions in arid and semi-arid regions.
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