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Abstract In order to obtain the typical soil physical
properties of reclaimed land more quickly and accu-
rately, the South Dump of the China Coal’s Antaibao
Open-Pit Mine in Pingshuo was focussed on in this
paper, and ground penetrating radar (GPR) technol-
ogy was utilized to detect the soil physical properties
of reclaimed land in the mining area. The soil profile
sampling and GPR detection methods were used to
acquire the data. The gravel content of surface soil
was analyzed by counting the number of isolated
gravel signals in GPR images. The change of effective
soil thickness was analyzed by establishing the fitting
relationship between calibration depth and GPR image
depth. The Topp’s model was validated by compar-
ing its inversion with the measured soil volumetric
water content. And the Topp’s model was further vali-
dated by the soil volumetric water content obtained
from the Topp’s model and which obtained from the
wave velocity inversion. The results are as follows:
(1) Based on the number of isolated gravel signals in
GPR images, we could qualitatively analyze the gravel
content of surface soil reclaimed in the mining area.
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As the number of isolated gravel signals was greater,
the gravel content of the surface soil was higher. (2)
Using the known relative permittivity, electromagnetic
wave velocity, and soil volumetric water content, the
calibration depth and the reflection depth of the tar-
get (calibrator) of the GPR images were segmented,
and the correlation between them is high. The fitting
relationship (R*) of each segment was higher than
0.940, and the average value of the five-segment R>
was 0.966, which indicated more accurate detection of
the effective soil thickness of the reclaimed land in the
mining area. (3) GPR could be used to detect the soil
volumetric water content of reclaimed land in mining
area, and Topp’s model was used for calculation of
soil volumetric water content. The average deviation
rate between the values from Topp’s model and the
measured values was 12%, and the average absolute
value of the difference was 2%. In summary, the ben-
efits of using GPR to detect soil physical properties of
reclaimed land in mining area are as follows: (1) GPR
can be used to detect soil layer thickness and surface
gravel content faster and more accurately. (2) Topp
model can also be used to calculate the soil moisture
content of non-natural deposits such as reclaimed land
in mining area.
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China is the largest producer of coal in the world.
By the end of 2017, China reported the construction
of 4980 coal mines with a total production capac-
ity of 4.36 billion tons (Li, 2018). At the same time,
coal mining has also caused numerous environmen-
tal problems, such as landslides, collapses, debris
flow, ground subsidence and other geological disas-
ters, land destruction, and water pollution caused by
wastewater and waste residue (Cao et al., 2017; Ma
et al., 2012). In addition, coal mining can lead to land
use conflicts and the loss of biodiversity and habitat (Cao
et al., 2018). Land reclamation refers to the activities in
which the land damaged by production or construction
activities or natural disasters becomes available through
land remediation technology (Wang, 2011). Reclamation
and rehabilitation on damaged land in mining area
can improve the ecological environment and prevent
land use conflicts of the mining area. The promulga-
tion of the Land Reclamation Regulations (2011), the
Completion Standards on Land Reclamation Quality
(2013), and related technical regulations for land rec-
lamation has ensured that land reclamation have been
regulated and standardized, and further highlight the
importance of land reclamation.

Soil reconstruction was the core content of land
reclamation, and the quality of reconstructed soil
was the main criterion to test the effect of soil recon-
struction (Hu et al., 2005a, b). Through the process
of soil reconstruction, the soil physical properties,
including thickness of the soil layers, gravel content
of surface soil, and water content, were altered, which
influenced the effectiveness of the vegetation restora-
tion in mining area (Guo et al., 2015; Li et al., 2007;
Ye et al., 2008). The relationship between soil thick-
ness and vegetation growth was well documented
(Li et al., 2016). Optimal soil layer thickness was
beneficial to vegetation growth, microbial activity,
and the improvement of soil fertility (Chen et al., 2016;
Meerveld & Mcdonnell, 2006). Soil gravel content
primarily affected soil temperature and moisture
(Cerd, 2001). Topsoil-covered gravel could reduce
the rill flow rate and erosion rate (Wang et al., 2011).
In addition, the soil gravel influenced the content of
various elements, such as soil carbon and nitrogen,
and the solute transport process (Certini et al., 2004).
Soil water content directly affected vegetation growth
and plant diversity (Ersahin & Brohi, 2006; Guo
et al., 2005; Huang et al., 2004). In the process of
land reclamation in mining area, it was necessary to
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improve the water storage capacity of the soil, which
provided the necessary conditions for the restora-
tion of vegetation (Yu et al., 2016). Therefore, it is of
practical significance to study the soil physical prop-
erties of reclaimed land, such as soil thickness, gravel
content, and soil volumetric water content.

As a shallow geophysical detection technol-
ogy, GPR has the characteristics of fast, conveni-
ent, non-destructive, continuous, repeatable detec-
tion, and large area measurement. The application
of GPR in soil detection at home and abroad had
gradually expanded (Hubbard et al., 2002; Hu et al.,
2005a, b; Lei & Bian, 2008; Wang et al., 2013; Ratto
et al., 2014). There were few examples of the appli-
cation of the GPR technology in the detection of soil
gravel content, and to date, evaluation and prediction
had been limited to experimental analysis, but the
potential for wider application of the technology was
evident (Carl & Peter, 1996; He et al., 2009). Zenone
et al. (2008) showed that the resolution of GPR
increased with an increase in antenna frequency. The
higher the frequency, the finer the detection capabil-
ity. These studies indicated that high-frequency GPR
could be utilized to detect surface soil gravel content
(Zenone et al., 2008). Yang et al. (2014) believed that
it was feasible to use GPR tomography technology
for the exploration of complex geological structures
in mining area. Yu et al. (2011) used GPR technol-
ogy to detect the thickness of the gravel layer, and the
results were in good agreement with the thickness of
the soil obtained using traditional investigation meth-
ods, with marginal errors. Benedetto et al. (2010)
showed that GPR images had the potential to accu-
rately determine soil volumetric water content. Wu
et al. (2014) detected soil volumetric water content in
loam and sandy soil using GPR and pointed out that
the accuracy of GPR in the detection of soil volumet-
ric water content was higher than that of time domain
reflectance technology (TDR). However, there were
few studies on the quantitative determination of effec-
tive soil thickness and soil gravel content in reclaimed
coal mine area by using GPR. GPR had been used to
detect soil volumetric water content, but there were
few studies on the detection of soil volumetric water
content in reclaimed mining area.

Different soil physical properties have different
signal characteristics in GPR images. Soil effective
thickness is shown as a continuous low-frequency
signal in GPR images; soil gravel is shown as an
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Fig. 1 South Dump site of China Coal Antaibao Open-Pit Mine

open-down parabolic in GPR images, and soil volu-
metric water content difference is shown as a strong
and weak change of amplitude signal in GPR images.

Therefore, this study focussed on the soil physical
properties of China Coal Antaibao Coal Mine South
Dump in Pingshuo, explored the methodology and
effectiveness of GPR in detecting the physical proper-
ties of reconstruct soil, provided support for detecting
physical properties of reconstruct soil by GPR, and
could be used to guide land remediation.

Materials and methods
Study area survey

The study area is located in Pinglu District, Shuozhou
City, Shanxi Province (Fig. 1), and the study area (the
South Dump) is an early outer dump of the China
Coal Antaibao Open-Pit Mine, Pingshuo City. The
Antaibao Mine is located at 112° 11'-113° 30’ east
and 39° 23'-39° 37" north, where it is with a temperate
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South dump site of Antaibao Open-pit Mine, China Coal

semi-arid continental climate, and characterized by
strong winds in winter and spring. The annual aver-
age temperature is 4.8-7.8 °C; the annual precipita-
tion is about 450 mm, and the annual evaporation is
approximately 5 times the annual precipitation. The
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Fig. 2 Quadrat layout and line graph
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altitude of the dumping site is 1360-1465 m, and
the slope of which is 20-40°. The South Dump is a
mixed earth-rock dump, in which 46.98% of the rocks
are greater than or equal to 50 mm.

Sample and profile creation

Twenty-three large squares of 10 mXx 10 m in size
were set up at the South Dump site, and three
10-m-long measuring lines were set up in the squares
(Fig. 2). A smaller square of 1 mXx1 m was estab-
lished in the middle of the larger square, numbered
S,—S,3. Within the smaller squares, a soil profile with
length X width X depth of 1.2 mX 1 mX 1 m was exca-
vated and numbered P|—P,;, which was used to obtain
soil samples and calibrate the depth of detection. The
sampling time was from May 2018 and August 2018.

GPR detection and parameter determination
GPR detection principle

GPR is a non-destructive detection technology that uses
the reflection of electromagnetic waves to detect under-
ground media (Fig. 3). The GPR is composed of a main
frame and an aerial. When the electromagnetic wave
emitted by transmitting aerial encounters a medium
with different relative permittivity in the process of
propagation, the electromagnetic wave will be emit-
ted at the interface of the two media, which makes the
amplitude and waveform of the electromagnetic wave
change accordingly. According to the received radar
waveform, intensity, and two-way travel time, the shape,

Fig. 4 Steel pipes’ depth
calibration. The depth of
the steel pipe is 15 cm,
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Fig. 3 GPR working principle

spatial position, and structure of the underground target
can be interpreted (Liang, 2012; Neal, 2004).

GPR detection process The electrical properties of
a steel pipe and the surrounding soil medium are dis-
tinct. So, in this test, the detection depth was calibrated
using steel pipes. After the soil profile was excavated,
steel pipes with diameters of 3 cm, 5 cm, and 9 cm
were drilled into the soil profiles at various depths
(Fig. 4), and then GPR with a 900-MHz aerial was
used to detect the surface land (Fig. 2). The equipment
used in this test was the latest Ltd-2600 GPR provided
by the 22nd Research Institute of the China Electronic
Science and Technology Group Corporation. The
detection speed was 0.10 m/ns; the relative permittiv-
ity was 8 (8 is the empirical value of the dielectric con-
stant of sand); the time window was 25 ns; the number
of sampling point was 512, and the distance between
channels was 0.20 cm.
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Method of parameter determination

The propagation velocity of the electromagnetic wave
in the medium is determined by the true depth of the
medium and the propagation time of the electromag-
netic wave in the medium. The calculation formula of
the wave speed is shown in Eq. (1)

v=2xd/t ey

where v is the propagation velocity of electromag-
netic waves in the soil, in which unit is m/ns; d is the
calibration depth of the steel pipe, refers to the true
burial depth of the calibrator in soil, in which unit is
m, and 7 is the two-way travel time of electromagnetic
waves in the soil, in which unit is ns.

The relative permittivity is the ability of a sub-
stance to hold a charge, in which size determines the
ability of the medium to absorb or reflect electromag-
netic waves. The calculation of the relative permittiv-
ity is shown in Eq. (2)

e=(c/ v)? 2

where ¢ is the relative permittivity, which is the ratio
of permittivity to absolute permittivity in vacuum; ¢
is the speed of light with the value of 3.00 x 10® m/s;
v is the speed at which the electromagnetic wave
propagates in the medium, and which is the ratio of
the depth of the soil layer to the propagation time of
the electromagnetic wave in this paper.

The soil volumetric water content is the amount
of water contained in the soil. Previous studies have
determined the empirical formula for using GPR to
detect soil volumetric water content, and the Topp’s
model is the most commonly used model at present.
The empirical formula for inversion of soil volumet-
ric water content using Topp’s model is shown in
Eq. (3) (Topp et al., 1980)

0 =(4.36> x 1070 = 5.56> x 107* +2.92e x 1072

3
—-5.3%107%)/100 ©)

where 0 is the soil volumetric water content and € is
the relative permittivity.

Collection and testing of soil samples

Soil ringknife samples were collected every 10 cm in
the profile and weighed immediately. The dry weight

and the weight of soil water were obtained by drying
method, and the soil volumetric water content of soil
was calculated by Eq. (4). The equation is as follows:
Myer — Myry
g, = —t )
v

where 6, is soil volumetric water content, i, is soil
wet weight, in which unit is g, mg,, is soil dry weight,
in which unit is g; v is ringknife volume, in which
size is 100 cm?, and water density is 1 g/cm?.

Results and analysis

Parameter determination

The parameters were determined by the steel pipe
calibration or layered calibration, as shown in Fig. 5.

The average propagation velocity of electromagnetic
waves to the calibrator (target) was obtained using
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Fig. 5 Depth calibration of each profile based on GPR images

@ Springer



392 Page 6 of 18 Environ Monit Assess (2021) 193: 392

Table 1 Relevant parameters at calibration depths

Profile = Calibration type GPR images  True depth (cm) Two-way Electromagnetic Relative
depth (cm) travel time (ns) wave velocity (m/ns) permittivity
S1 Steel pipe 14.0 19 2.40 0.1583 3.59
19.0 24 4.60 0.1043 8.27
33.0 43 7.00 0.1229 5.96
S2 Layering 26.0 25 5.26 0.0951 9.96
26.0 26 5.07 0.1026 8.56
54.0 51 10.33 0.0987 9.23
S3 Steel pipe 10.0 13 1.38 0.1884 2.54
15.0 17 2.47 0.1377 4.75
25.0 30 3.85 0.1558 3.71
S4 Steel pipe 19.0 20 3.60 0.1111 7.29
12.0 13 2.30 0.1130 7.04
31.0 33 5.90 0.1119 7.19
S5 Steel pipe 23.0 23 4.37 0.1053 8.12
15.0 12 2.95 0.0814 13.60
38.0 35 7.32 0.0956 9.84
S6 Steel pipe 15.4 15 2.97 0.1010 8.82
10.3 10 1.92 0.1042 8.29
25.7 25 4.89 0.1022 8.61
S7 Steel pipe 19.5 17 3.68 0.0924 10.54
15.0 10 2.44 0.0820 13.40
345 27 6.12 0.0882 11.56
42.0 45 7.71 0.1167 6.60
S8 Steel pipe 19.8 15 3.74 0.0802 13.99
144 11 2.73 0.0806 13.86
342 26 6.47 0.0804 13.93
S9 Steel pipe 11.0 10 2.10 0.0952 9.92
18.9 14 3.30 0.0848 12.50
29.9 24 5.40 0.0889 11.39
16.6 16 3.37 0.0950 9.98
46.5 40 8.77 0.0912 10.82
S10 Steel pipe 11.0 13 2.70 0.0963 9.71
6.0 9 2.00 0.0900 11.11
17.0 22 4.70 0.0936 10.27
19.0 16 3.49 0.0917 10.71
42.5 40 8.19 0.0977 9.43
S11 Steel pipe 16.4 14 3.09 0.0906 10.96
13.1 12 2.39 0.1004 8.93
29.5 26 5.40 0.0963 9.71
11.6 12 223 0.1076 771
41.1 38 7.79 0.0976 9.46
S12 Steel pipe 0-15 18.5 15 3.48 0.0862 12.11
15-27 12.0 12 3.37 0.0712 17.75
0-26 37.2 26 6.75 0.0800 14.06
26-37 10.2 11 2.75 0.0800 14.06
0-37 494 37 9.50 0.0779 14.83
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Table 1 (continued)

Profile  Calibration type GPR images  True depth (cm)  Two-way Electromagnetic Relative
depth (cm) travel time (ns) wave velocity (m/ns) permittivity
S13 Steel pipe 0-11 12.2 11 2.31 0.0952 9.92
11-25 16.9 14 3.17 0.0883 11.54
0-25 29.1 25 5.48 0.0912 10.81
S14 Steel pipe 0-13 15.6 13 2.94 0.0884 11.51
13-24 139 11 2.62 0.0840 12.76
0-24 29.5 24 5.56 0.0863 12.08
S15 Layering steel pipe 0-14 11.0 14 3.01 0.0930 10.40
14-26.5 18.0 12.5 3.37 0.0742 16.35
0-26.5 29.0 26.5 6.38 0.0831 13.04
S16 Steel pipe 0-13 14.9 13 2.90 0.0897 11.20
13-25 14.4 12 2.62 0.0916 10.73
0-25 29.3 25 5.52 0.0906 10.97
25-41 16.6 15 3.13 0.0958 9.80
041 45.9 41 8.65 0.0948 10.01
S17 Steel pipe 0-20 20.8 20 3.88 0.1031 8.47
20-29 8.50 9 1.54 0.1169 6.59
0-29 29.3 29 542 0.1070 7.86
29-49 16.9 20 341 0.1173 6.54
0-49 45.9 49 8.75 0.1120 7.17
S18 Steel pipe 0-18 18.7 18 3.57 0.1008 8.85
18-28 11.6 10 1.99 0.1005 8.91
0-28 30.3 28 5.61 0.0998 9.03
S19 Steel pipe 0-17 18.4 17 3.56 0.0955 9.87
17-27 11.9 10 2.16 0.0926 10.50
0-27 30.3 27 5.71 0.0946 10.06
S20 Steel pipe 0-15 154 15 297 0.1010 8.82
15-26 132 11 2.31 0.0952 9.92
0-26 28.5 26 5.28 0.0985 9.28
S21 Layering steel pipe 0-15 23.2 15 4.18 0.0718 17.47
15-27 14.8 12 3.08 0.0779 14.82
0-27 38.0 27 7.26 0.0744 16.27
S22 Steel pipe 0-15 21.8 15 4.11 0.0730 16.89
523 Steel pipe 0-15 16.6 15 3.13 0.0958 9.80
15-30 135 15 2.55 0.1176 6.50
0-30 30.1 30 5.68 0.1056 8.07
2047 19.0 17 3.57 0.0952 9.92
047 49.1 47 9.25 0.1016 8.72

the calibration depth (Fig. 5), and the corresponding
timescale of the target (steel pipe and layered inter-
face) on the GPR images was obtained using Eq. (1).
The average relative permittivity of the calibrator to

the surface land was obtained by using Eq. (2). The
two-way travel time of electromagnetic wave propa-
gation to the calibration object was read from the
GPR images (Table 1).
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Gravel content

The signal of the isolated gravel on the GPR images
gave a downward parabola, as shown in the red circle
of Fig. 6. This paper evaluated the gravel content of
soil by counting the number of isolated gravel signals
in the surface soil in different sample GPR images of
reclaimed land in mining area. The results were veri-
fied in the corresponding sample excavation section,
as shown in Fig. 7. Based on the resolution of GPR,
deeper gravel would not be detectable. Therefore, the
isolated gravel signals with a depth of inside 30 cm in
the GPR images of 10 samples (S,—S;,) were counted
(Table 2). The corresponding profiles (P,—P,;) were
excavated in each sample, and the gravel situation
of each profile was recorded (Table 3). Comparing
Tables 2 and 3, as a whole, the number of isolated
gravel signals on the GPR images could correspond
well with the debris of the profile, which indicated
that GPR could be used to detect the gravel content
of the surface soil in the reclaimed land. In addition,
P,, P;, P5, P;, and Pg were pure soil profiles, but there
were also a certain number of isolated gravel sig-
nals in their corresponding ground penetrating radar
images. This was because the GPR was moving during
the detection. It also indicated that in addition to the

existence of potentially isolated gravel in the soil, there
may be isolated heterogeneous bodies with differences
in the relative permittivity of the soil. The profile of P,
was composed of soil and rock, and there were many
isolated gravels, but the number of isolated gravel sig-
nals in corresponding GPR images was relatively small,
which indicated that some gravel could not be detected
by GPR in soil, which was related to the aerial used in
GPR detection and the burial depth of isolated gravel in
soil. The higher the frequency of the aerial, the smaller
the diameter of the isolated body could be detected, and
the larger the buried gravel in the soil, the less likely it
was detected by the GPR.

Effective soil thickness

Soil profile was made up of overlapped layers with dif-
ferent morphological characteristics, and these levels
were roughly horizontal, called soil occurrence lay-
ers or soil layers. The soil thickness that plants could
grow was the effective soil thickness. The penetration
depth of the electromagnetic wave in the medium was
related not only to the aerial frequency but also to the
relative permittivity of the medium. In this paper, a
relationship between the calibration depth of the object
and the depth of GPR images was established, based

Horizontal distance (m)

(su) 9reas aun J,

Fig. 6 Isolated gravel signal in GPR images (profile P,)
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Fig. 7 Profile method to verify the gravel content of the sam-
ple (profile P,)

on the propagation speed of the electromagnetic wave
in the medium, relative permittivity, and soil volumet-
ric water content. After setting the time window and
electromagnetic wave velocity, the burial depth of the
target was directly determined by the depth of the sig-
nal map. The linear relationship between the calibration
depth of the target and the depth of GPR images was
established, R>=0.890, as shown in Fig. 8a, without
considering the difference of relative permittivity, elec-
tromagnetic wave velocity, and soil volumetric water
content. According to the difference of relative permit-
tivity, electromagnetic wave velocity, and soil volu-
metric water content, a linear relationship between the
calibration depth of the target and the depth of the GPR
images was established. The linear relationship could
be divided into five sections (formula 5). The fitting
images of each linear relationship are shown in b—f of
Fig. 8. From the graph, R* of each segment was greater
than 0.940, and the average value of R? of the five seg-
ments was 0.966. The correlation was very high. It was

found that the correlation between the calibration depth
of the target and the depth of the GPR images was
higher after segmentation according to relative permit-
tivity, electromagnetic wave velocity, and soil volumet-
ric water content.

0.75x(0.07 < v £ 0.080r14 < € < 180126 < 0 < 32)

0.80x(0.08 < v < 0.090r11 < € < 140121 < 0 < 26)
0.92x(0.09 < v £0.10019 < e < 1lorl7 < 6 <21)
0.99x(0.10 < v £ 0.110r7 < € < 90rld < 0 < 17)
1.07x(0.11 < v £0.120r6 < e < Torll <0 < 14)

Q)
where v is the electromagnetic wave velocity in m/ns,
€ is the relative permittivity, 6 is the soil volumetric
water content, x is the thickness of the soil layer read
in the GPR images, and f{x) is effective soil thickness.

During detection, the aerial frequency was set to
900 MHz, the time window was 25 ns, and the electro-
magnetic wave velocity was 0.1 m/ns.

The GPR images for the 9 profiles that were not
included in the model construction were introduced
into the fitting model of (5) for inversion. The inver-
sion results are shown in Table 4. It could be seen
from Table 4 that the absolute value of the difference
between the calibration depth and the inversion depth
was at most 2.49 cm and the minimum was 0.50 cm,
and the maximum deviation between the calibration
depth and the inversion depth was 1.04 cm, and the
average deviation rate was 5.61%.

fx) =

Soil volumetric water content

Topp’s model is the most widely used model to deter-
mine soil volumetric water content. The soil volu-
metric water content at each calibrated depth was
obtained by Topp’s model (Eq. 3) from the relative
permittivity of soil at each calibrated depth. From
Table 5, the maximum value of the absolute differ-
ence value between the soil volumetric water con-
tent obtained by empirical formula and the measured
value was 3.90%, the minimum was 0, and the aver-
age value was 2%. The maximum deviation rate of
soil volumetric water content measured by the two
methods was 25%; the minimum deviation rate was 0,
and the average deviation rate was 12%.

Table 2 Statistics of

Sampl
isolated gravel signals of amp'e

S1 S2 S3 S4 S5 S6 S7 S8 S9 S10

various GPR images Number of isolated gravel signals

26 50 10 34 22 64 20 22 28 52
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Table 3 Sample section gravel profile

Profile P, P,

Profile condition  Pure soil profile

Profile Pe P,

Mixed earth and rock,
Isolated gravel is
plentiful

Profile condition

Earth and stone mixed,
more isolated gravel

Pure soil profile

P, P, Ps

Pure soil profile ~ Earth and stone Pure soil profile
mixed, less
gravel

Py Py Py

Earth and stone Earth and stone
mixed, less mixed, more
gravel isolated gravel

Pure soil profile

Wave velocity inversion of soil volumetric water
content

The study area was located at the South Dump of the
China Coal Antaibao Open-Pit Coal Mine, which had
sandy soil and was a low conductivity medium. There-
fore, the soil volumetric water content had the greatest
influence on the propagation speed of electromagnetic
waves in the soil. So, the change in soil volumetric
water content could be determined by the propagation
velocity of electromagnetic waves in the soil. In this
paper, the relationship between the electromagnetic
wave propagation velocity and the measured soil volu-
metric water content (Table 5) was established by the
measured values at 47 calibration depths (Fig. 9).
From Fig. 9, the fitting relationship between the
soil volumetric water content and the electromagnetic
wave velocity exhibited a cubic function relation-
ship; the R? value was 0.836, and the fitting effect
was good. This showed the same relationship trend as
Topp’s model, and the regression order was 3. With
an increase in electromagnetic wave velocity, the soil
volumetric water content decreased gradually. When
the electromagnetic wave velocity reached 0.16 m/
ns, the curvature reached a minimum. Then, with a
further increase in electromagnetic wave velocity, the
soil volumetric water content did not decrease. How-
ever, Table 5 shows that when the velocity of elec-
tromagnetic wave was greater than 0.16 m/ns, the
soil volumetric water content decreased significantly,
which indicated that when the velocity of electro-
magnetic wave was greater than 0.16 m/ns, the fit-
ting model of electromagnetic wave velocity and soil
volumetric water content was no longer applicable.

@ Springer

The electromagnetic wave propagation velocity at
each calibration depth was concentrated from 0.80 to
0.11 m/ns, and the soil volumetric water content was
concentrated at 10-25%.

The 10 electromagnetic wave velocity values were
substituted into the fitting relationship model in Fig. 9
to determine the soil volumetric water content, and
the results are shown in Table 6. Table 6 shows that
the maximum absolute value, the minimum absolute
value, and the average absolute value of the differ-
ence between soil volumetric water content measured
by gravimetric method and, respectively, inverted by
wave velocity were 3.95%, 0.75%, and 2.90%. Maxi-
mum average deviation, minimum average deviation,
and average deviation rate of the difference between
soil volumetric water content measured by gravimet-
ric method and inverted by wave velocity were 16%,
0.10%, and 12%.

The soil volumetric water content value obtained
by Topp’s model and the wave velocity inversion was
compared. The average absolute value of the differ-
ence between the soil volumetric water content and
the measured soil volumetric water content obtained
by Topp’s model was 2%, and the average value of
the absolute pase of the difference between the soil
volumetric water content and the mehasured soil
volumetric water content obtained by wave veloc-
ity inversion was 2.62%, and the difference between
them was 0.62%. The average deviation rate of the
measured values and the inversion values of the two
methods was equal, both being 12%. This showed
that the Topp’s model was also applicable to the cal-
culation of soil volumetric water content in reclaimed
land in coal mining area.
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Discussions
Reconstructing soil gravel content

Through the number of isolated gravel signals in the
GPR images, the gravel content of the surface soil
in the reclaimed land of the mining area could be
qualitatively analyzed. Isolated gravel and its sur-
rounding soil were two different media with per-
mittivity differences. Electromagnetic waves were
reflected at the interface between the gravel and
the soil, and appear as a parabolic signal feature of
the opening down on the ground penetrating radar
images (Qian et al., 2004), as shown by the red rec-
tangle in Fig. 10. The GPR transmitting aerial emit-
ted a spherical wave to the ground (Wang & Wu,

0.09

y=2835.43x3+ 1740x? - 713.93x + 69.908
R?=10.8358

0.11 0.13 0.15
Electromagnetic wave velocity (m/ns)

0.17 0.19 0.21

2010), so the signal from the isolated gravel in the
images was a parabola with a downward opening.
The greater the number of parabolas, the more iso-
lated debris was present in the soil, and the higher
the gravel content of the surface soil. Therefore, it
was theoretically feasible to analyze the gravel con-
tent of the topsoil by counting the number of signals
of isolated gravel. The higher the aerial frequency,
the larger the resolution, and a greater range of sizes
of gravel could be detected (Anchuela et al., 2016;
Berton et al., 2019). Shakas and Linde (2017)
showed that the heterogeneity of cracks could be
detected by GPR according to the electrical con-
ductivity differences of different media (Shakas
& Linde, 2017). Yamase et al. (2018) showed that
GPR could detect the distribution of vegetation roots

Table 4 Comparison of calibration depth and model inversion depth of each profile

Wave speed Relative Soil volumetric GPR images  Calibration  Inversion Calibration- Calibration-inversion
(m/ns) permittivity ~water content (%)  depth (cm) depth (cm) depth (cm)  inversion (cm) deviation rate (%)
0.072 17.47 0.312 232 15 17.49 —2.49 16.6

0.078 14.82 0.273 14.8 12 11.15 0.85 7.1

0.074 16.27 0.295 38 27 28.64 —1.64 6.1

0.073 16.89 0.304 21.8 15 16.43 —1.43 9.5

0.096 9.80 0.184 16.6 15 15.21 -0.21 14

0.118 6.50 0.115 13.5 15 14.50 0.50 33

0.106 8.07 0.149 30.1 30 29.84 0.16 0.5

0.095 9.92 0.187 19 17 17.41 -0.41 24

0.102 8.72 0.163 49.1 47 48.68 —1.68 3.6

@ Springer
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Table 5 (continued)

I

430 250 260 510 130 170 300 200 13.0 330 350 150 100 160 9.0 29.0 200 49.0

19.0

Calibration depth

(cm)

Springer

16.00 19.00

19.00

17.00  20.00

19.00

16.00 20.00 22.00 26.00 26.00 26.00 19.00 23.00 21.00 19.00 20.00 18.00 21.00

Inversion of soil

volumetric

water content by
Topp’s model

(%)
Measured soil

17.20

16.40

16,70 2270 20.20

19.80 22.80 22.30 22.80 22.70 22.90

19.00 2440 21.50 2320 20.70 19.10

19.70

17.00

volumetric

water content

by gravimetric
method (%)
Inversion-meas-

-1.20 -0.40 1.80

-2.70

-380 -2.30 -4.80 -1.70 -390 0.30

1.20

-1.70 3.90

1.60  4.50 2.80

3.00

—-1.00 0.30

ured (%)
Deviation rate (%) 6.00

20.00 8.00 16.00 4.00 13.00 6.00 0.00 8.00

9.00

8.00 17.00

12.00 10.00 23.00

15.00 6.00 20.00

1.00

(Yamase et al., 2018; Yu et al., 2018). Similarly, this
paper demonstrated that soil gravel content could be
detected using GPR. This technology could be used
by the reclaimed soil quality supervision department
in a mining area to analyze the gravel content of the
surface soil.

There were limitations to this study of surface soil
gravel content. Isolated gravel with a diameter of less
than 1 cm was not detected from a depth of 10-20 cm,
and isolated gravel with a diameter less than 2 cm in
the depth of 20-30 cm could not be detected, based
on the resolution of the aerial. This had an influence
on the accuracy of surface soil gravel content results,
but this could be addressed by increasing the length
of the line to improve the detection accuracy.

Reconstructing soil effective thickness

The GPR could be used to detect the effective soil
thickness of the reclaimed land in the mining area.
Based on the known electromagnetic wave veloc-
ity, relative permittivity, or the soil volumetric water
content, the correlation between the calibration
depth and the depth of the target in the GPR images
was segmented, and the correlation was higher. GPR
could be used to accurately determine the effective
soil thickness of reclaimed land in mining area. The
propagation speed of electromagnetic waves var-
ied across different media over a given time period
(Wang et al., 2014). Therefore, the thickness of the
soil layer represented on the GPR images was not
the true soil thickness. The soil volumetric water
content was the main reason affecting the rela-
tive permittivity of the medium (Liu et al., 2017).
The greater the soil volumetric water content, the
larger the relative permittivity, which also affected
the propagation velocity of electromagnetic waves
in the soil. Therefore, in terms of research meth-
ods, the segmentation fitting relationship between
the calibration depth and the thickness of the soil
layer in the images could be established according
to the propagation velocity of the electromagnetic
wave in the medium or the relative permittivity of
the medium or the relative volume of the soil vol-
umetric water content. This could be used to more
accurately quantify the effective soil thickness of the
reclaimed land in the mining area. Han et al. (2016)
and Hu et al. (2005a,b) used GPR to detect soil strat-
ification; they believed that GPR could be used to
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Fig. 10 Evidence of elec-
trical differential media in
GPR images

effectively detect stratification in soil, but did not
give a method to accurately determine the depth of
stratification. Roth et al. (2004) showed that GPR
could be used for qualitative exploration of soil lay-
ers and shallow groundwater surfaces. Seyfried and
Schoebel (2016) used GPR to determine the optimal
height for cutting soil. These studies showed that the
GPR could be used to determine the effective soil
thickness of the reclaimed land in the mining area.
In civil engineering, the GPR detection method was
based on the type of medium, estimating a relative
permittivity based on experience, inputting the GPR
main frame, and taking the depth of target (calibra-
tor) represented by GPR images as the true burial
depth of target. In the soil, due to the complexity
of the underground medium, the soil volumetric
water content of the soil was variable. This method
of determining the effective soil layer thickness of
reclaimed land in the mining area based on experi-
ence was prone to error.

This study was able to quantitatively determine
the thickness of the soil layer that could inform the
process of reclamation of the damaged land in the
mining area firstly. Secondly, the thickness of the soil
layer could be used to analyze the vegetation status of
the reclaimed land.

There were still some deficiencies in this study.
Under the influence of detection conditions, when
studying the fitting relationship between calibration
depth and GPR images depth, the electromagnetic
wave velocity ranged from 0.70 to 0.12 ns/m, the soil
volumetric water content ranged from 11 to 32%, and
the relative permittivity ranged from 6 to 18. Further
study is thus required in this regard.

Soil volumetric water content of reclaimed soil

GPR could be used to detect the soil volumetric water
content, and the existing Topp’s model was suitable

Table 6 Comparison of soil volumetric water content between measured values and GPR inversion at different depths of sections

Calibration Wave speed (m/ns) Relative Measured soil volu- Soil volumetric water content Measured-  Deviation
depth (cm) permittiv- metric water content  obtained by wave velocity inver- inversion rate (%)
ity (%) sion (%) (%)

37 0.0779 14.83 29.20 25.25 3.95 15.6

11 0.0952 9.92 20.04 18.42 1.62 8.8

14 0.0883 11.54 24.61 21.00 3.61 17.2

25 0.0912 10.81 22.09 19.89 2.20 11.1

13 0.0884 11.51 18.05 20.96 —-2.91 13.9

11 0.0840 12.76 21.97 22.72 —0.75 33

24 0.0863 12.08 19.79 21.78 -1.99 9.1

14 0.0930 10.40 22.57 19.23 3.34 17.4
12.5 0.0742 16.35 29.31 26.86 245 9.1

37 0.0831 13.04 26.46 23.09 3.37 14.6

@ Springer
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for the calculation of soil volumetric water content
in reclaimed land. Shamir et al. used 800-MHz GPR
to detect the soil volumetric water content of differ-
ent types of soil in the laboratory. Compared with the
measured soil volumetric water content, the average
accuracy was 1.50%. The empirical formula pro-
posed by Topp was the currently accepted industry
model for retrieving the soil volumetric water con-
tent of sandy soils (Topp et al., 1980). Although the
reclaimed land in the mining area was not naturally
deposited, the soil could also be investigated by the
Topp’s model. Wu et al. (2017) used the GPR to
detect the soil volumetric water content of reclaimed
land in the Shendong mining area in western China.
The soil volumetric water content calculated by
Topp’s model was similar to the measured soil volu-
metric water content (Wu et al., 2017). In this study,
by detecting the soil volumetric water content of the
reclaimed land in the mining area, the optimal time
to water could be determined during the reclamation
process of damaged land in the mining area, thereby
promoting vegetation growth and accelerating the
vegetation restoration process.

This study was focused on reclaimed land in the coal
mining area; the soil volumetric water content was not
the only factor affecting the relative permittivity of the
soil medium. Further studies are required to determine
the suitability of the Topp’s model in metal mining
area, and to improve the detection accuracy.

Conclusions

In this study, GPR technology was used to detect
soil physical properties, such as gravel content,
soil volumetric water content, and effective soil
layer thickness in a reclaimed coal mine area. The
detection results showed that the gravel content of
the surface soil could be qualitatively analyzed by
the number of isolated gravel signals in the GPR
images. As the number of isolated gravel signals
was greater, the surface soil gravel content was
higher. According to the known relative permittivity
or electromagnetic wave velocity or soil volumetric
water content, the fitting relationship between the
calibration depth and the depth of the calibration of
the GPR images was segmented, and the correlation
between the two was higher. The fitting relationship
R? of each segment was higher than 0.940, and the

@ Springer

average value of the five-segment fitting relation-
ship R? was 0.966, which indicated that GPR could
accurately detect the effective soil thickness of the
reclaimed soil in the mining area. GPR could be
used to detect the soil volumetric water content of
reclaimed land in the mining area, and the Topp’s
model could be used to calculate soil volumetric
water content in reclaimed land in coal mining area.

Our results show that (1) GPR can detect the thick-
ness of soil layer and gravel content of surface soil
more quickly and accurately and (2) the Topp model
can be used to calculate the volume water content of
soil in mining area.

Our research results contribute to the high qual-
ity and high efficiency of land consolidation. Using
ground penetrating radar to detect soil volume water
content in reclamation area can determine the best
watering time in the process of vegetation reconstruc-
tion, promote vegetation growth, and accelerate veg-
etation restoration. Using ground penetrating radar to
detect the thickness of soil layer in reclamation area
can guide to determine the thickness of vegetation in
reclamation area and provide basis for researchers to
analyze the growth of vegetation in reclamation area.
Through the analysis of the surface soil heterogeneity
in the reclamation area, the soil quality detection tech-
nology is provided for the soil quality management
department in the reclamation area.
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