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Abstract: Identification of slope subsurface strata for natural soil slopes is essential to assess the
stability of potential landslides. The highly variable strata in a slope are hard to characterize by
traditional boreholes at limited locations. Ground-penetrating radar (GPR) is a non-destructive
method that is capable of capturing continuous subsurface information. However, the accuracy of
subsurface identification using GPRs is still an open issue. This work systematically investigates
the capability of the GPR technique to identify different strata via both laboratory experiments and
on-site examination. Six large-scale models were constructed with various stratigraphic interfaces
(i.e., sand-rock, clay-rock, clay-sand, interbedded clay, water table, and V-shaped sand-rock). The
continuous interfaces of the strata in these models were obtained using a GPR, and the depths at
different points of the interfaces were interpreted. The interpreted depths along the interface were
compared with the measured values to quantify the interpretation accuracy. Results show that the
depths of interfaces should be interpreted with the relative permittivity, back-calculated using on-site
borehole information instead of empirical values. The relative errors of the depth of horizontal
interfaces of different strata range within £5%. The relative and absolute errors of the V-shaped
sand-rock interface depths are in the ranges of [-9.9%, 10.5%] and [—107, 119] mm, respectively.
Finally, the GPR technique was used in the field to identify the strata of a slope from Tanglang
Mountain in China. The continuous profile of the subsurface strata was successfully identified with a
relative error within £5%.

Keywords: slope; ground-penetrating radar; strata identification; site investigation; relative permittivity

1. Introduction

Identifying subsurface strata is one of the main tasks in slope surveys [1-4], and is
crucial for the analysis of slope stability [5,6]. Due to financial and geomorphological
restrictions, traditional identification relies on limited boreholes [7]. As a non-destructive
investigation method, ground-penetrating radar (GPR) is regarded as a powerful com-
plement to traditional drilling-based methods [8], especially for shallow earth and rock
stratigraphic interfaces [9-12]. The GPR technique has been successfully used in inspecting
caverns under roadway pavements, locating pipes underground, and reinforcing bars in
piles [13-16].

The GPR technique has the advantage of providing a continuous profile of subsurface
strata. Previous studies have reported useful attempts to use GPR to identify slope subsur-
face strata. For instance, Bichler et al. [17] identified interbedded clay layers in laminated
sand using a GPR. Qian and Liu [18] found that the groundwater table inside sand is de-
tectable using GPR. Kannaujiya et al. [19] reported that GPR could identify steeply inclined
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interfaces of a rock layer overlain by weathered rocks. The evaluation of the accuracy of the
GPR technique is vital for reliable application in the field. Previous studies, however, did
not quantify the accuracy of interpreted depths obtained using the GPR technique [19-21].
Several reports also indicated that the GPR technique could not reliably identify the clays’
interface and water table [21,22]. Moreover, there is no evaluation of the reliability of the
complete interface due to the difficulty in conducting enough boreholes on-site.

This study implemented a physical model experimental program to systematically
evaluate the GPR technique’s capability in identifying the subsurface strata interface.
Different stratigraphic physical models are designed and constructed, including the sand-
rock, clay-rock, sand—clay, interbedded clay, water table, and V-shaped sand-rock models.
The accuracy of the GPR technique is systematically assessed by quantifying the errors
between the interpreted and measured depths of the interfaces. Furthermore, a field study
that coupled these factors was conducted for a slope at Tanglang Mountain in China to
assess the GPR technique. This study provides a reliable method for the efficient site
investigation of complex slopes.

2. Methodology
2.1. Stratigraphic Model

Six experiments with various soil and rock layer configurations were conducted to
investigate the capability of the GPR technique, as shown in Figure 1. The first group of
tests contains three models, including clay over sand, sand over rock, and clay over rock,
as shown in Figure la—c. The interface between the two layers in any of the models is
horizontal. The fourth model is a V-shaped interface with sand over rock, to investigate
the performance of the GPR technique in identifying highly variable strata, as shown in
Figure le. The fifth model is interbedded clay, to simulate poor geological conditions
that are often encountered in slope engineering, as shown in Figure 1d. The sixth model
includes a sand layer with a water table, as shown in Figure 1f.
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Figure 1. Six stratigraphic models: (a) sand-rock model; (b) clay—sand model; (c) clay-rock model;
(d) interbedded clay model; (e) inclined sand-rock model; and (f) sand model with a water table.

2.2. Ground-Penetrating Radar

GPR works on the propagation of electromagnetic waves [23]. A GPR sends high-
frequency short-pulse electromagnetic waves into underground through a transmitting
antenna. During propagation, the electromagnetic waves are reflected at a target interface
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(i.e., material discontinuity). The reflected waves are received by a receiving antenna, which
is then digitized and recorded at the data acquisition terminal. GPR data include the desired
reflected waves from the target interface, the direct waves, the ground-surface-reflected
waves, and the electromagnetic interferences. The direct wave is the electromagnetic wave
that is received directly without being reflected. The ground-surface-reflected wave is
the electromagnetic wave received after reflection from the ground surface. The ground-
surface-reflected wave is, therefore, used to determine the locations of the ground surface.
Electromagnetic interference is from electromagnetic waves that occur randomly or with a
certain pattern, which have a negative impact on the desired reflected waves.

Due to electromagnetic interferences from the external environment or GPR system,
raw GPR data include a large number of interference waves. To visualize the desired
reflected waves, it is necessary to denoise the raw GPR data. The raw GPR data with
different characteristics are usually denoised using different methods or a combination of
them. In this study, the following denoising methods are adopted [23]: (1) Ormsby band-
pass filtering; (2) horizontal low-pass filtering; (3) zero-time correction; and (4) stacking.

After denoising, the spatial locations of target interfaces can be interpreted according
to the two-way travel time (TWTT) and the changing amplitude of the reflected wave. The
TWTT is the propagation time of the reflected wave. The unit of the TWTT is nanosecond
(ns). The TWTT of the target interface is obtained from processed GPR data. The amplitude
intensity is a physical parameter indicating the amplitude value of the reflected wave.
The amplitude intensity of the reflected wave is usually expressed in terms of electric
or magnetic field strength. In this study, the variation in amplitude is expressed in a
non-dimensional manner, which only indicates the relative magnitude. One trace of the
reflected wave at a given location corresponds to one-dimensional GPR data, as shown in
Figure 2. When an electromagnetic wave encounters a stratigraphic interface, the amplitude
of the reflected wave will increase; hence, the location of peak amplitude corresponds to
the depth of the target interface.
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Figure 2. One trace of reflected waves.

The depth of a target interface is computed based on Equation (1), which is known
as the time—depth conversion. Based on the speed and distance equations of the electro-
magnetic wave propagation in a medium, the expression of the time-depth conversion is

derived as follows [10]:
cT

2.\/e,
where 1" is the interpreted depth of an interface (m); ¢, is the relative permittivity of
geotechnical materials; T is the TWTT of electromagnetic wave propagation (ns); c is the

speed of light (0.3 m/ns). Note that when more than one layer lies above a target interface,
the thickness of each layer should be calculated separately.

hint _ (1)



Remote Sens. 2024, 16, 415

40f17

The GPR equipment used in this study is an AKULA 9000C high-precision GPR from
Geoscanners Company, Boden, Sweden, which was also adopted by Rasimeng and Man-
dang [24]. According to the information provided by the manufacturer of the equipment,
it is known that the equipment has an analog bandwidth frequency of 5-4000 MHz, a
pulse repetition frequency of 12.5-200 kHz, a scan rate of 1-330 tracks/s, a sample size of
128-8192, and a time window range of 6.4-32768 ns. The equipment includes an integrated
antennae unit, a control unit, a data acquisition terminal, a battery, and a measuring wheel,
as shown in Figure 3. The equipment has a resolution of 2.5-50 cm and a detectable depth
of more than 0.2 m. The resolution of identification of GPR is positively related to the
antenna frequency, while the maximum depth of penetration of GPR is negatively related
to it. When the resolution of the device is smaller than the minimum thickness of strata, the
interpreted depth increases with decreasing antenna frequency. Thus, operating frequency
is always a trade-off between resolution and penetration. Since the electrical conductivity
of the ground, the transmitted center frequency, and the radiated power all may limit
the effective depth range of GPR investigation, there is no strict quantitative relationship
between depth and frequency. In this study, the maximum depth of stratigraphic interfaces
is smaller than 1.5 m in the experimental test, thus, an antenna with a main frequency
of 400 MHz was utilized. For field study, the depth values of the strata are often large.
Therefore, an antenna with a main frequency of 100 MHz was chosen.

1. Acquisition terminal 2. Battery 3. Control unit

4. Measuring wheel 5. Antenna unit
Figure 3. Ground-penetrating radar equipment.

2.3. Experimental Tests

A cubic model box was built with an inner length of 3.2 m, an inner width of 0.6 m,
and an inner height of 1.5 m. The model box was constructed with aerated concrete blocks
with cement mortar, which provides boundaries for stratigraphic models. When GPR is
close to the inner walls of the model box, the desired reflected waves may be affected
because of the boundary effect. Nonetheless, the antenna of professional GPR equipment
is restricted to transmitting electromagnetic waves perpendicular to the ground, and the
energy of electromagnetic waves emitted to the side walls is rather weak. After one or
more times of reflections, these side electromagnetic waves become even weaker when they
return to the antenna. In addition, the interference waves undergo at least two reflections,
which makes their two-way traveling time larger than that of the primary reflected wave.
The interference waves appear in the radar image at a deeper location than the primary
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reflected wave. Consequently, they generally interfere less with the desired reflected waves.
Previous studies also show that the boundary effect is usually slight [25-28].

The experimental procedure is as follows. First, a stratigraphic model was constructed
according to the predesigned dimensions and materials. The rock layers were made of rock
blocks. The soil layers were compacted in layers. After each layer of soil was filled and
compacted, the floating soil was carefully cleaned to ensure that the two adjacent layers did
not mix. During construction, the depths of the interface were measured at many locations
to facilitate the evaluation of the complete profile of the interface. Second, the acquisition
parameters of GPR were set. In this experiment, the correction value of the measuring
wheel was 110 tracks/m, obtained using a distance calibration. The preset range of the
relative permittivity was 4-7. The range of time window was 20-90 ns. The acquisition
mode was the wheel mode, and the number of sampling points was 20 times that of the
time window. The gain value was adjusted appropriately depending on the severity of
electromagnetic interference from the environment or GPR system. Third, the stratigraphic
interface was detected by moving the GPR equipment from one side of the model to the
other. The acquisition terminal simultaneously stored the corresponding GPR data.

2.4. Interpretation of GPR Data

The clay-sand model, with a horizontal interface (see Figure 4), illustrates the interpre-
tation of GPR data. The model consisted of two layers. The material of the upper layer was
Kaolin clay, with a thickness of 0.75 m. The clay had a particle size of no more than 0.02 mm.
The plastic and liquid limits were 40% and 68%, respectively. The optimum moisture
content was 36%, and the maximum dry density was 1.3 g/cm?>. The sand material used in
this study had a maximum dry density of 1.9 g/cm3. The compaction degree of the clay
and the sand in the experiments was about 80%. From Equation (1), the soil compaction
does not affect the final interpreted depth.
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Figure 4. Horizontal clay—sand model.

As shown in Figure 5a, the raw GPR data of the clay—sand model include direct
waves, ground-surface-reflected waves, and interference waves. The boundary effect is
negligible. The distance between the antenna and the ground surface is identified by
zero-time correction. Subsequently, the energy of the interference waves is suppressed
using Ormsby band-pass filtering, horizontal low-pass filtering, and stacking. The reflected
waves at the horizontal coordinate of 1.6 m in the original and interpreted data are extracted,
which correspond to the 153 trace of reflected wave data in the original data and the 26 trace
of reflected wave data in the interpreted data, respectively. In Figure 5, the signal-to-noise
ratio is obviously improved after the denoising technique, which makes the reflected waves
at the stratigraphic interface clearer and facilitates the identification of the stratigraphic
interface. The processed GPR data are shown in Figure 5b. The TWTT of the reflected waves
between the ground surface, and the clay—sand interface is approximately 7.5 ns. As per
Figure 5b, the shape of the reflected waves of the clay—sand interface is clear, continuous,
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and horizontal, which is consistent with that of the clay—sand interface of the physical

model. This reveals that GPR can identify the clay—sand interface.
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Figure 5. GPR data of clay—sand model: (a) raw GPR data; and (b) interpreted GPR data.

From Equation (1), to calculate the depth of the strata interfaces, the relative permittiv-
ity is a key parameter characterizing the dielectric or polarization properties of a dielectric
material. Its value is closely related to the physical properties of geotechnical materials,
e.g., moisture content and density [29,30]. The relative permittivity can be determined
using the laboratory-measured method, the empirical method, and the inversion method of
electromagnetic waves [31]. The laboratory-measured method needs professional analytical
instruments and adequate in-situ geotechnical samples from boreholes, yet these instru-
ments are expensive, and samples are highly susceptible to disturbance. The empirical
method is highly subjective since the properties of geotechnical materials are site-specific.
Some empirical ranges of relative permittivity for common geotechnical materials are listed
in Table 1 [32]. An inversion method was applied, in which the relative permittivity was
back-calculated based on the processed GPR data and the depths of interfaces measured via
boreholes. Compared to other methods, the inversion method is objective and convenient.

From Equation (1), the relative permittivity can be expressed as follows:

_ cT \?
o= e

@
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where 1" is the measured depth of the target interface that can be accurately determined
at the locations with borehole information.

Table 1. Empirical ranges of relative permittivity.

Material Range of Relative Permittivity
Dry sand 3-5
Wet sand 20-30
Limestone 4-8
Clay 5-40
Granite 4-6
Dry salt 5-6
Shale 5-15
Silt 5-30

Source: Adapted from Davis and Annan [32].

To illustrate the empirical method, the empirical relative permittivity of clay ranges
from 5 to 40 according to Table 1. The interpreted depth of the target interface in Figure 5b
is computed to be 0.18-0.5 m using Equation (1). However, the measured depth of the
target interface is around 0.75 m, suggesting that the empirical data do not cover the actual
value of relative permittivity in this case.

To illustrate the inversion method, the depths of locations A and B are measured via
boreholes, i.e., 0.74 m and 0.77 m, respectively. The TWTT values of the two locations are
read from the processed GPR data shown in Figure 5b, i.e., 7.5 ns and 7.8 ns. The average
relative permittivity of the clay layer is back-calculated as 2.31 using Equation (2). The
back-calculated value is then used to calculate the interpreted depth of location C. The
TWTT value of location C is read as 7.6 ns. The interpreted depth of location C is thereby
computed to be 0.75 m using Equation (1), which is the same as the measured depth.
Likewise, if only the depth of location A is known via a borehole, the relative permittivity is
back-calculated as 2.31. The interpreted depths of locations B and C are 0.77 m and 0.75 m,
respectively, which also equals the corresponding measured depths. These good results
are partly attributed to the homogeneous soil with similar relative permittivity values
at different locations. In engineering practice, the soil may be heterogeneous. Moreover,
there may be two or more stratigraphic materials that are not close in the same strata. In
this case, the reflected waves will not vary continuously with the same-phase axis in the
ground-penetrating radar image. Hence, the two materials can be recognized. If a good
inversion result is necessary, a borehole can be added nearby.

For highly spatially variable soils, when using the back-calculated relative permittivity
from limited borehole information to represent that of a whole layer, it may lead to biased
interpreted depths. To avoid this, the use of sufficient borehole information is encouraged.
Based on the comparison of the empirical values method and the inversion method of
electromagnetic waves, borehole information is very important to identify strata interfaces
when using the GPR technique.

2.5. Accuracy of Strata Identification

Suppose there are n locations on a target interface in a stratigraphic geological model.
To quantify the identification accuracy of GPR, the absolute and relative errors of the
interpreted depth are defined as follows:

&; = 1000 x (hﬁ”f - hrm) 3)

int _ pmea

Bi=100x 1 @)

hmea
1
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where i is the numbering of locations (i =1, 2, ..., n); h/**" is the measured depth of the i-th
location (m); hf”t is the interpreted depth of the i-th location (m); ; is the absolute error of
the interpreted depth of the i-th location (mm); B; is the relative error of the interpreted
depth of the i-th location (%).

If the measured depth of the i-th location is selected to back-calculate the relative
permittivity of the layer above the target interface using Equation (2), the interpreted
depths of the other n—1 locations can be computed based on Equation (1). Subsequently,
the absolute and relative errors of the n—1 locations are computed by Equations (3) and (4).
The accuracy of the identification is evaluated based on the statistics of the absolute and
relative errors.

Taking the clay—sand model displayed in Figure 4 as an example: The depths were
measured at 25 locations with an interval of 0.1 m. The 15th location, with a horizontal coor-
dinate of 1.8 m, was selected to back-calculate the relative permittivity of the clay layer. The
outcome of the calculation is 3.35. The absolute and relative errors of the other 24 locations
are then computed and plotted in Figure 6. The absolute error ranges within [—28.81, 13.49]
mm, with a mean of —0.90 mm and a standard deviation of 10.99 mm. The relative error
ranges within [—3.84%, 1.87%], with a mean of —0.12% and a standard deviation of 1.49%.
A relative error lying between £5% is generally satisfactory in geotechnical engineering.
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Figure 6. Absolute and relative errors of clay—sand model: (a) absolute error; and (b) relative error.
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3. Experimental Results
3.1. Identification of Horizontal Rock Layer

Two kinds of physical models with horizontal soil-rock stratigraphic interfaces are
considered, namely the sand-rock model and the clay—rock model, as shown in Figure 7a,c.
The designed depths of the sand-rock interface and clay—rock interface are 0.90 m and
0.75 m, respectively. Figure 7b,d show the interpreted GPR data of the two models. The
interpreted interfaces are clear, continuous, and horizontal. They are consistent with
stratigraphic interfaces in the models. This suggests that the GPR can be used to identify
the rock layer.
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Figure 7. Physical models and interpreted GPR data: (a) sand-rock model; (b) interpreted GPR
data of sand-rock model; (c) clay-rock model; (d) interpreted GPR data of clay-rock model; (e) in-
clined sand-rock model; (f) interpreted GPR data of inclined sand-rock model; (g) interbedded clay
model; (h) interpreted GPR data of interbedded clay model; (i) sand model with a water table; and
(j) interpreted GPR data of sand model with a water table.

For each model of the stratigraphic interface, the depths were measured at 25 equally
spaced locations with horizontal coordinates ranging from 0.4 m to 2.8 m. The 10th and 12th
locations were chosen to back-calculate the relative permittivity for the sand-rock and clay-
rock models, respectively. The two locations near the center of the model box are selected
to avoid the weak influence of boundary effects. The results are 4.88 and 3.31, respectively.
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For the sand-rock model, the 15th and 20th positions for supplementary calculation are
picked. Their results of the relative permittivity are 4.87 and 4.88. Accordingly, the mean
value is 4.88, which is equal to that of the 10th position. For the clay-rock model, the
18th and 24th positions for additional calculation are selected. Their results of the relative
permittivity are 3.31 and 3.33; in addition, the mean value is 3.32, which is approximately
equal to that of the 12th position. For the sand-rock model, the range of absolute error
is [—31.04, 30.07] mm, with a mean of 0.14 mm and a standard deviation of 19.87 mm.
The range, mean, and standard deviation of the relative error are [—3.49%, 3.38%], 0.02%,
and 2.23%, respectively. The relative error is plotted in Figure 8 against the horizontal
coordinate of measured locations. For the clay—rock model, the absolute error lies between
—16.22 mm and 14.39 mm, with a mean of 0.07 mm and a standard deviation of 7.42 mm.
The range, mean, and standard deviation of the relative error are [—2.16%, 1.95%], 0.01%,
and 1.00%, respectively. The above results indicate that the GPR can identify the sand-rock
or clay—rock interfaces with adequate accuracy.
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Figure 8. Relative errors of sand-rock and clay-rock models.

3.2. Identification of Inclined Rock Layer

The inclined sand-rock model contains a sand layer and a rock layer, as shown in
Figure 7e. The sand and rock are the same as those of the horizontal sand-rock model. The
stratigraphic interface is V-shaped, with an angle of 20.6° from the horizontal plane. The
V-shaped interface can be seen as a combination of two intersecting inclined interfaces.
The depth of the target interface ranges from 0.6 m to 1.2 m. The interpreted GPR data are
shown in Figure 7f. For the part of the two inclined interfaces away from the intersection
point, the reflected waves are clear and continuous, although their clarity and continuity
are slightly inferior to those of the reflected waves of the horizontal sand-rock interface (see
Figure 7b). The reflected wave of the area near the intersection point is relatively blurred,
as marked by the rectangle in Figure 7f. Fortunately, by extending the interpreted interfaces
of both sides, the interface at the intersection area can be reasonably inferred, as shown by
the dotted line in Figure 7f. Thus, the GPR still identifies the inclined rock strata below a
sand layer very well.

The depths of five locations with horizontal coordinates of 0.8 m, 1.2 m, 1.6 m, 2.0 m,
and 2.5 m were measured. The first location was used to back-calculate the relative
permittivity of the sand layer, which is calculated as 3.22. The measured and interpreted
depths of the selected locations are plotted versus their horizontal coordinates, as shown in
Figure 9. For the latter four locations, the range, mean and standard deviation of absolute
error are [—107, 119] mm, 8.7 mm, and 104 mm, respectively. The range of the relative
error is [—9.86%, 10.48%]. Compared with the horizontal sand-rock model, the accuracy in
identifying the V-shaped model is reduced. For the third location close to the intersection,



Remote Sens. 2024, 16, 415

11 of 17

the absolute and relative errors are —119 mm and 10.4%, respectively. Although the graph
of the reflected waves from the area near the intersection is relatively blurred, the accuracy
of the identification at these locations is still acceptable in engineering practice.

Horizontal coordinate (m)

0.6 1.0 14 1.8 2.2 2.6
0.6 T T T T 1

0.7

0.8

0.9

Depth (m)

1.0

111

1.2 —0— Interpreted depth

—0— Measured depth

13-

Figure 9. Measured and interpreted depths of inclined sand-rock model.

The relative errors for the V-shaped rock stratum are about twice that of horizontal
strata. This is because a region of secondary reflected waves is formed near the intersection
point. However, there is no overall bias of the interpreted depth to be large or small, and
the error remains random. In addition, the interference phenomenon occurs when the
primary reflected waves and secondary reflected waves meet, resulting in an increase
or decrease in the amplitude of desired waves [33]. When the angle formed by the two
stratigraphic interfaces is smaller, the influence area of the interference waves is larger.
There is no quantifiable relationship between the amplitude of the expected wave and the
angle between the two interfaces. The size of the influence area is positively correlated with
the range of electromagnetic waves that the receiving antenna can receive, and negatively
correlated with the angle between the two inclined stratigraphic interfaces.

3.3. Identification of Interbedded Clay Layer

The interbedded clay layer model consists of two horizontal sand layers and a hori-
zontal clay layer, as shown in Figure 7g. The thicknesses of the first sand layer and clay
layer are 0.6 m and 0.5 m, respectively. The interpreted GPR data are shown in Figure 7h.
The shapes of the reflected waves corresponding to both interfaces are clear, continuous,
and horizontal, suggesting that GPR can identify the interbedded clay interfaces.

For each interface, the depths of 25 locations were measured, with horizontal coordi-
nates ranging from 0.4 m to 2.8 m. The 25 locations were equidistantly distributed. The
depths of the 17th and 11th locations were used to back-calculate the relative permittivity
of the upper sand layer and the clay layer, respectively. The results are 7.09 and 5.79,
respectively. Figure 10 shows the measured and interpreted depths of the two interfaces.
The interpreted values are in good agreement with the measured values.

The scatters and box plots of the relative errors for the two interfaces are displayed
in Figure 11. The range of the relative errors for the upper interface is [—3.29%, 7.59%],
and [—5.29%, 4.96%] for the lower interface. The range, mean, and standard deviation
of absolute errors for the upper interface are, respectively, [-19.7, 46.3] mm, 0.16 mm,
17.8 mm, and [—27.5, 24.3] mm, 0.98 mm, 18.3 mm for the lower interface. Based on the
above statistics, the GPR can identify the interbedded clay layer with high accuracy. In
addition, the difference between the 25% quantile and 75% quantile values is smaller for
the upper interface than that for the lower interface. Since a flatter box and a smaller
standard deviation stand for a more concentrated relative error and a more stable result of
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identification, the accuracy of identification of the GPR for the upper interface is higher
than that for the lower one.

Horizontal coordinate (m)
0.0 0.5 1.0 1.5 20 2.5 3.0

07 Upper interface

0.8

—O— Measured depth
% Interpreted depth

09

Depth (m)

10

11F

12+ Lower interface

Figure 10. Measured and interpreted depths of interbedded clay model.
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Figure 11. Relative errors of interbedded clay model.

3.4. Identification of Water Table in a Sand Layer

The model of the sand layer with a water table can be seen as a combination of a wet
sand layer and a water-filled sand layer, as shown in Figure 7i. In this case, the average
volumetric moisture contents of the upper and lower soil layers are 13.3% and 22.7%,
respectively. The relative permittivity of water is 81 [31]. The relative permittivity of sand
increases with the increase in water content. Thus, there is a significant difference in the
relative permittivity of the sand layers above and below the water table. The distance
between the ground surface and the water table is 0.9 m. From the interpreted GPR data
displayed in Figure 7j, the shape of the reflected waves is clear, continuous, and horizontal.
This means that the GPR is capable of identifying the water table in the sand.

The depth values were measured at 25 equally distributed locations along the interface,
with the horizontal coordinates ranging from 0.4 m to 2.8 m. The depth of the 14th location
was then used to back-calculate the relative permittivity of the wet sand layer, and the result
was 6.98. The range of the absolute error is [-51.2, 41.2] mm, with a mean of —0.84 mm
and a standard deviation of 31.7 mm. Figure 12 shows the histogram and statistics of
the relative errors. The range of relative errors is narrow, and the mean is close to zero,
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indicating that the GPR has satisfactory performance in identifying the water table interface
in a sand layer.

12~ Mean: -0.05%
Standard deviation: 3.58%
Range: [-5.69%, 4.74%]
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Figure 12. Relative errors of sand model with a water table.

4. Field Study at Tanglang Mountain

The investigated slope is located in Tanglang Mountain in China, as shown in Figure 13.
For this slope, three boreholes are available along profile A-B, denoted by BH1, BH2, and
BH3 in Figure 13. The three holes were drilled at the same level. The horizontal spacing
between BH1 and BH2 is 8 m. The horizontal spacing between BH2 and BH3 is 4 m. Drilling
was completed when the weathered granite layers were encountered. No stable water table
was encountered during drilling. The borehole information reveals that there are two strata
consisting of clayey gravel and weathered granite. The depths of the stratigraphic interface
at BH1, BH2, and BH3 are 15.76 m, 13.87 m, and 15.63 m, respectively. The horizontal
length of survey profile A-B is 12 m. The survey profile B-C is at the slope with a length
of 52 m. The GPR investigation starts at A and moves along the survey profile to C to
detect the strata. The time window of the GPR system is set to 300 ns. The correction
value of the measuring wheel, the preset range of the relative permittivity, the acquisition
mode, and the number of sampling points parameters are the same as that in the above
model experiments.

Investigated slope from Tanglang Mountain -’l«_\"

;?

A-B profile

Figure 13. Field study of survey profile A-B-C at Tanglang Mountain in China.

The interpreted GPR data for profile A-B are shown in Figure 14, in which the con-
tinuous reflected waves are demonstrated as the blue dashed line. The TWTT value of
the interface at BH1 is 248.47 ns. According to Equation (2), the relative permittivity of
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the clayey gravel is 5.59. The TWTT values of the interface at BH2 and BH3 are 226.87 ns
and 234.18 ns, respectively. Then, the depth of the interface for the boreholes BH2 and
BH3 can be calculated using Equation (1). The calculated depth at BH2 is 14.39 m, which
is 0.52 m deeper than the measured value and the relative error is 3.7%. The calculated
depth at BH3 is 14.86 m, which is 0.77 m lower than the measured value and the relative
error is —4.9%. In geotechnical engineering, an accuracy level of £20% or less relative
error is acceptable [34-36]. Thus, the accuracy of the GPR technique is good in the field for
identifying subsurface strata.

Ground surface BH1

-

i Clayey gravel
LU (Lt

8 12

Depth (m)

| BT R e ]

Distance (m)

Figure 14. Interpreted GPR data of survey profile A-B.

For the survey profile B-C, the reflected waves reveal two layers in the slope, as
shown in Figure 15. The depth of the interface lies in the range of [15.76 m, 17.79 m] for
this slope. The interface between the two layers can be determined continuously with a
pattern of convexity toward the slope surface. The interpreted interface from 10 to 30 m
is approximately parallel to the slope surface. According to the interpreted GPR data, the
strata profile of the slope can be determined, as shown in Figure 16. The stratigraphic
interface exhibits an irregular pattern with detailed changes between the boreholes that can
be perfectly captured. The depth of each location along the interface between the two layers
can be quantified accurately. In contrast to the conventional borehole survey methods,
which only provide information at limited locations, the GPR technique is a promising
option for identifying the continuous profiles of the subsurface strata with satisfactory
accuracy in the field.

Ground surface

Clayey qrell

L il

0 10 20 30
Distance (m) C

Depth (m)

A

)

p——rr

N

————a

—

B

Figure 15. Interpreted GPR data of survey profile B-C.
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19m

Figure 16. Geological interpretation of survey profile A-B-C.

5. Conclusions

This work systematically investigated the capability of ground-penetrating radar
(GPR) in identifying continuous interfaces between different subsurface strata. Six physical
models with typical stratigraphic interfaces of slopes were examined, and the accuracy
of the GPR technique was assessed. A field study was performed on a slope of Tanglang
Mountain in China. The following conclusions can be drawn:

1.  The depth of the entire underground strata interface can be continuously obtained
using the GPR technique. When interpreting the depth, the in-situ relative permit-
tivity of each soil layer should be used, which can be back-calculated from borehole
information and GPR data;

2. The interfaces between the soil layers can be accurately identified for the five horizon-
tal stratigraphic interfaces. The absolute and relative errors between the interpreted
and measured depths are within [-50, 50] mm and [—5%, 5%], respectively;

3. For the V-shaped sand-rock interface, the reflected waves are clear and continuous
except for the small area near the intersection of the two interfaces. The ranges of
the absolute and relative errors of the interpreted depth are [-107.4, 119.5] mm and
[—9.86%, 10.48%], respectively;

4. The field study conducted at Tanglang Mountain demonstrated that the GPR tech-
nique can effectively and accurately identify continuous subsurface strata of slopes
with high efficiency, thereby paving the way for a more robust and dependable site
investigation approach for complex slopes.
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