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Abstract: Ground-penetrating radar (GPR) faces complex challenges in identifying underground
rock formations and lithological structures. The diversity, intricate shapes, and electromagnetic
properties of subsurface rock formations make their accurate detection difficult. Additionally, the
heterogeneity of subsurface media, signal scattering, and non-linear propagation effects contribute to
the complexity of signal interpretation. To address these challenges, this study fully considers the
unique advantages of convolutional neural networks (CNNs) in accurately identifying underground
rock formations and lithological structures, particularly their powerful feature extraction capabilities.
Deep learning models possess the ability to automatically extract complex signal features from radar
data, while also demonstrating excellent generalization performance, enabling them to handle data
from various geological conditions. Moreover, deep learning can efficiently process large-scale data,
thereby improving the accuracy and efficiency of identification. In our research, we utilized deep
neural networks to process GPR signals, using radar images as inputs and generating structure-related
information associated with rock formations and lithological structures as outputs. Through training
and learning, we successfully established an effective mapping relationship between radar images
and lithological label signals. The results from synthetic data indicate a rock block identification
success rate exceeding 88%, with a satisfactory continuity identification of lithological structures.
Transferring the network to measured data, the trained model exhibits excellent performance in
predicting data collected from the field, further enhancing the geological interpretation and analysis.
Therefore, through the results obtained from synthetic and measured data, we can demonstrate the
effectiveness and feasibility of this research method.
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1. Introduction

Ground-penetrating radar (GPR) is a crucial geophysical exploration technique used
for the non-invasive acquisition of subsurface structural and geological information. Its
development history can be traced back to the early 20th century, encompassing centuries
of evolution and innovation [1,2]. The fundamental principle of GPR technology involves
transmitting electromagnetic waves into the ground and subsequently receiving reflected
signals, thereby revealing the properties and distribution of subsurface materials. Over the
past few decades, GPR has evolved into a pivotal tool in various fields, including un-
derground exploration, soil engineering, mineral resource development, environmental
science, archaeological research, and geological hazard monitoring [3-5].

In its initial stages, GPR primarily found applications in the military sector, where it
was employed for detecting underground tunnels and landmines [6]. However, with ad-
vancements in technology and an expanding scope of utility, GPR has found widespread
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use in civilian sectors as well. Notably, it has been employed in groundwater exploration,
soil surveys, environmental monitoring, archaeological research, and geological hazard pre-
diction [7]. GPR contributes significantly to the determination of groundwater levels, soil
layers, and rock formations, thus facilitating infrastructure planning and land utilization.
Additionally, GPR plays a vital role in archaeological research by enabling non-destructive
surveys of ancient sites and cultural heritage, thereby contributing to cultural preservation
and historical studies [8].

Another critical application domain is geological exploration and resource develop-
ment. GPR assists in identifying underground rock types, distribution, and thickness,
which are crucial factors in resource development and reserve estimation [9-12]. In mineral
resource exploration, GPR aids prospectors in locating underground areas with mineral
potential, enhancing exploration efficiency and accuracy. Geological hazard early warning
is yet another crucial field where GPR is employed, used to monitor signs of geological
disasters such as landslides, earthquakes, and mudslides, enabling early warnings and
mitigation of disaster risks. In civil engineering, GPR is utilized to identify underground
pipelines, obstacles, and facilities, ensuring construction safety and efficiency. Over the re-
cent decades, GPR technology has witnessed significant development, with advancements
in sensors and data processing techniques enabling the acquisition of higher-resolution
subsurface images, thus enhancing signal quality and usability [13-16].

The identification of geological strata plays a pivotal role in both civil engineering and
geological exploration. Understanding the characteristics, distribution, and variations of
subsurface layers not only facilitates infrastructure development planning but also enables
the efficient extraction of underground resources and the monitoring of hydrological
conditions [17]. Accurate knowledge of subsurface strata is particularly critical in managing
water resources, especially in arid regions. GPR technology, with its ability to generate high-
resolution subsurface images, offers valuable insights for geological engineering. It can
discern interfaces, thicknesses, and characteristics of underground strata, thereby assisting
engineers in assessing soil stability and bearing capacity. This information is of paramount
importance in the design and construction of infrastructure projects like roads, bridges,
dams, and buildings [18,19]. Additionally, GPR can be deployed to locate underground
pipelines and cables, preventing damage to crucial facilities during construction and
ensuring the smooth progress of projects.

Furthermore, rock-socketed steel casings are commonly employed structures in under-
ground engineering, encompassing underground pipelines, tunnels, bridge foundations,
and more. Grasping the condition and integrity of these casings is imperative for engineer-
ing safety. GPR technology not only determines the position, dimensions, and material
of rock-socketed steel casings but also detects defects such as corrosion and cracks [20].
Regular GPR inspections empower engineers to proactively identify potential issues and
implement appropriate maintenance and repair measures, ensuring the reliability and
durability of underground structures. Additionally, GPR technology plays a significant role
in environmental monitoring and geological disaster early warning systems. By monitoring
changes in groundwater levels, soil moisture, and geological structures, GPR contributes
to predicting the risk of geological disasters such as landslides, earthquakes, and mud-
slides [21]. Taking timely measures can mitigate potential impacts, safeguarding lives
and property. In summary, GPR technology offers a wide range of applications in the
identification of geological strata, detection of rock-socketed steel casings, and environ-
mental monitoring and geological disaster early warning. It not only provides invaluable
subsurface information but also serves as a powerful tool in various engineering projects
and scientific research endeavors. This contributes to the safer and more efficient utilization
of underground spaces while reducing potential risks [22].

In the field of GPR signal processing, the development of deep learning has witnessed
remarkable progress [23]. With the emergence of deep neural networks, GPR signal pro-
cessing has become significantly more precise and efficient. This trend has already had
a significant impact in various domains, including subsurface exploration, geological en-
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gineering, and environmental monitoring [24]. Deep learning models can automatically
extract complex underground signal features, eliminating the need for labor-intensive
manual feature engineering. This not only accelerates signal processing but also enhances
accuracy. Deep learning’s applications in GPR encompass underground target detection,
stratigraphic identification, and rock formation feature analyses, among others [25]. More-
over, deep learning’s ability to handle large-scale data is crucial in subsurface exploration,
where a substantial volume of radar images and signal data often requires processing.
The robust computational power and generalization capabilities of deep learning models
enable them to address challenges posed by different geological conditions and complex
subsurface environments. Additionally, deep learning has opened up new possibilities for
GPR signal processing, including multimodal data fusion, real-time monitoring, and auto-
mated analyses. These innovations are poised to further enhance our ability to acquire and
interpret subsurface information, providing invaluable support for geological exploration
and engineering projects [26].

Deep learning offers significant advantages in handling GPR data. Its automatic
feature extraction capability eliminates the need for the manual extraction of complex
underground signal features, thus enhancing processing efficiency [27]. The robust gen-
eralization ability of deep learning models enables them to adapt to data from different
geological conditions, improving the versatility of data processing. Furthermore, deep
learning can handle large-scale data, speeding up the analysis process and increasing iden-
tification accuracy. In this paper, we have employed advanced deep learning techniques to
harness GPR data for the identification of underground rock layers and geological strata,
fully capitalizing on the remarkable capabilities of this technology [28]. We have utilized
convolutional neural networks (CNNs), a powerful tool in this context, to accurately extract
information pertaining to rock layers and strata through the analysis and processing of
GPR images. Furthermore, through the learning and training of deep neural networks, we
have extended our capability to predict the composition and distribution of subsurface
structures [29,30]. To better achieve our objectives, we have constructed a sophisticated
UNet network architecture, incorporating multiple layers of CNNs. This architecture allows
us to learn the features and spatial layout of underground structures from GPR data at
various scales. Additionally, we have applied various mathematical techniques, including
random media modeling, strata modeling, and time-domain finite difference methods,
to construct datasets that closely mimic real-world conditions. The application of these
techniques has resulted in a more accurate and reliable deep learning model [31-33].

In this paper, we utilize deep learning techniques for extracting information from
radar data. The core idea is to use convolutional neural networks to identify hyperbolic
and co-phase axis signals in radar data and output them as block and stratum informa-
tion. To achieve this goal, the first part details the generation of data samples, including
creating 1000 datasets, each containing a radar image and rock layer structure label. Radar
images are generated using the Finite-Difference Time-Domain (FDTD) method, while
rock layer labels are based on boundary information from the dielectric constant model.
The random generation and distribution of strata and blocks are also discussed in this
section. The second part covers the construction of the deep network model, with 80%
of the sample set used as input data, including radar images and rock layer structure
information, for training the deep network on a large dataset. Parameter adjustments and
optimization of the network using the Adam algorithm are also conducted. The third part
describes using the trained network to predict the remaining 20% of the sample data and
compare it with the ground truth. Finally, the last part introduces experiments using real
measured data to analyze the network’s recognition capability.
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2. Materials and Methods

GPR uses electromagnetic waves to explore underground rock formations and strati-
graphic interfaces. Initially, the radar emits high-frequency waves that interact with sub-
surface layers [34]. The transmission antenna projects these waves into the subterranean
environment, while the receiving antenna captures and records the reflected signals. As elec-
tromagnetic waves move underground, they interact with various subsurface materials like
rocks, soils, and stratigraphic interfaces, as shown in Figure 1. Some waves reflect partially,
creating bright spots, while others penetrate deeper layers. These bright spots’ positions
and intensities offer crucial insights into underground rock formations and stratigraphic
interfaces [35].

The resulting B-scan images from GPR depict horizontal cross-sections of the un-
derground. These images show reflection intensity and time-delay data from different
depths. They mainly capture reflections from diverse subsurface materials like rocks, soils,
and stratigraphic interfaces. Notably, reflections become more prominent when waves
encounter layers with different dielectric constants [36]. Rock layers often show clear reflec-
tions, while soil layers may have varied reflection patterns based on material properties,
density, moisture content, and wave frequency underground.

These distinctive features hold significance for geologists and engineers alike, as they
facilitate the delineation of underground structures and the discernment of rock layer dis-
tributions. The comprehensive utilization of GPR technology empowers a more meticulous
investigation and characterization of the attributes and spatial distribution of underground
rock formations and stratigraphic interfaces [37].
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Figure 1. Ground-penetrating radar detection principle and data imaging schematic; the ground-
penetrating radar working system (a) receives instructions and generates ground-penetrating radar
1D signals (b), which are then processed to produce ground-penetrating radar 2D images (c).

A convolutional neural network (CNN) is a specialized deep learning model tailored
for image processing tasks. It excels in extracting features from input images and translating
them into output images, a process essential for converting GPR B-scan images into rock
structure label images, as shown in Figure 2 [24].
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Figure 2. A schematic for information extraction from ground-penetrating radar images using CNN.

Initially, the CNN is fed with the GPR B-scan image containing data on underground
reflection intensity and time delays. The first layer, typically a convolutional layer, employs
convolutional operations using kernels to capture local features like edges and textures [38].

Subsequently, the CNN progresses through multiple convolutional and pooling layers
to extract increasingly complex features from the image. Convolutional layers identify
intricate image structures, while pooling layers reduce image dimensions, preserving
essential information and minimizing computational complexity.

In deeper CNN layers, fully connected layers follow the final convolutional layer,
transforming image features into a vector form. This vector undergoes non-linear transfor-
mations through activation functions, enhancing feature extraction.

The CNN'’s output layer is customized to match the desired output, such as rock
structure label images, possibly containing multiple neurons representing various label
categories. Training employs backpropagation algorithms to adjust network parameters,
minimizing differences between predicted and actual images.

In essence, a convolutional neural network operates through hierarchical convolu-
tion and pooling operations, extracting features from GPR B-scan images and mapping
them onto rock structure label images. This automated approach greatly aids in identify-
ing underground rock structures, serving as a valuable tool for geological research and
engineering planning.

The UNet network, a convolutional neural network architecture designed for image
segmentation, excels in feature extraction and processing [24]. This research, driven by
a strong commitment to underground exploration and geological studies, utilizes the
UNet network to automate the recognition of rock formations and stratigraphic labels in
GPR B-scan images, as shown in Figure 3. This has significant strategic importance in
accurately detecting subsurface structures and geological features. What sets our proposed
UNet network apart is its unique architectural design, incorporating downsampling and
upsampling operations along with skip connections. This design enables effective feature
capture across a range of scales. For input data, we selected GPR B-scan images sized at
256 x 256 pixels. Using the UNet network, we generated rock and stratigraphic label images
of the same dimensions, ensuring a comprehensive representation of subsurface structures.
Additionally, a 3 x 3 convolutional kernel was skillfully utilized to extract localized features,
allowing the UNet network to discern key elements, such as underground rock formations
and stratigraphic layers, with precision.
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Figure 3. A conceptual diagram of rock formation prediction in ground-penetrating radar images
using full CNN-based UNet. Convolution is a mathematical operation used to apply filters on images
or signals to extract features. ReLU (Rectified Linear Unit) is an activation function that sets negative
values to zero, enhancing the non-linear properties of neural networks. Deconvolution is a process
used to restore low-dimensional feature maps to high-dimensional original inputs. By applying
convolutional kernels on feature maps and adjusting size through padding and stride, deconvolution
expands spatial dimensions of feature maps, thereby restoring the original input size and shape.

2.1. Parameters of the Network

Our approach primarily focuses on constructing and training the UNet network.
The learning rate was set to 1 x 107>, with 300 iterations performed using the Adam
optimization algorithm. The learning rate controls how quickly the parameters of a neural
network are updated during training. The dataset was divided into 800 training samples,
100 validation samples, and 100 testing samples. Both input and output images have
dimensions of 256 x 256 pixels. To supervise the network’s learning process, we employed
the L1 loss function to measure the error between predicted values and actual labels.
The expression for the L1 loss function is as follows:

L1Loss = Z|yl 7il (1)
i=1

Here, y; represents the true label values, j; represents the network’s predicted values,
and 7 signifies the number of samples in the dataset. The use of the L1 loss function guides
the network’s learning process, gradually reducing the discrepancies between the predicted
results and the actual labels, thereby enhancing the network’s performance and accuracy.

2.2. Dataset Generation

The importance of samples in deep learning lies in their role as the foundation for
model training and performance evaluation. Sufficiently abundant and diverse samples
help deep learning models better comprehend the complexity of a problem, enhancing their
generalization capabilities. To simulate the complexity and diversity of underground rock
formations and geological structures, we employ stratigraphy generation and rock mass
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modeling techniques to establish geological models. Subsequently, we utilize the FDTD
algorithm to generate radar images, providing high-resolution underground structural
data to accurately identify geological features [39,40].

2.2.1. Stratigraphy Generation

The dielectric constant layer model is commonly employed to describe the distribution
of dielectric constants within different underground layers, often used in applications such
as radar or microwave exploration. The dielectric constant (¢) is typically a dimensionless
numerical value. Below is a simplified formula for the dielectric constant layer model,
where 'n’ represents the number of layers, and each layer is characterized by distinct
dielectric constants (g;) and thicknesses (h;):

n
e(z) =) & -H(z—h)
i=1

In this formula, £(z) denotes the dielectric constant as a function of depth z, and }}! ;
represents summation over the index i for each layer. ¢; stands for the dielectric constant of
the i-th layer, and h; represents the thickness of the i-th layer. This formula characterizes
the variation of dielectric constants in underground layers.

When constructing complex geological models, incorporating random media is a
pivotal step aimed at addressing the heterogeneity and stochastic nature of subsurface
materials. This procedure typically encompasses the modeling of random fields and a
subsequent statistical analysis [41,42].

Random Field Modeling:

Random fields are mathematical tools used to represent the variation of medium
properties with depth or location. A common one-dimensional random field model is the
Gaussian random field, described as follows:

Z(x) =p+¢(x)

where Z(x) is a random variable at position x, u is the mean, and ¢(x) is zero-mean
Gaussian white noise with a specific covariance function.

Covariance Function:

The covariance function is used to describe the spatial correlation of random media.
Typically, the exponential covariance function is commonly used:

Clry) = o2 exp( -1

Here, C(x,y) represents the covariance between positions x and y, o is the variance,
and / is the correlation length parameter. This function indicates the degree of correlation
between the properties of the media at different positions.

2.2.2. Rock Mass Modeling

Rock mass modeling is crucial in geological and engineering studies, involving the
analysis of subsurface rock structures. Rock masses vary in shape, with circular structures
being common. They differ in composition from surrounding media and can appear as
discrete underground features. Mathematical and computational methods are used for
modeling, often describing rock geometry with geometric equations, such as a formula for
a rounded-shape body with radius ‘R’.

¥ +y? = R? 2)

Here, ‘x” and “y’ represent the spatial coordinates, and the equation defines a circular
boundary with radius ‘R’.
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In cases where rock masses exhibit irregular shapes, more complex mathematical
functions can be utilized. For example, the equation of an ellipse can be employed to model
an elongated rock mass:

2 2
T =1 3)

In this equation, ‘a” and ‘D’ represent the semi-major and semi-minor axes, respectively,
allowing for flexibility in representing ellipsoidal rock structures.

Furthermore, when modeling rock masses with varying compositions or densities,
statistical distributions may be applied. These distributions can describe the probabilistic
distribution of rock materials within a given region, offering insights into the heterogeneous
nature of subsurface formations.

2.2.3. FDTD Algorithm

Using the FDTD algorithm to simulate GPR observation data is a powerful computa-
tional technique. This approach discretizes both space and time into grids and calculates
electric and magnetic field values at discrete points. These values are updated based on
Maxwell’s equations, enabling the simulation of electromagnetic wave propagation and
interaction within the computational domain. In this process, absorbing boundary con-
ditions are typically applied to minimize boundary reflections and enhance simulation
accuracy [43,44].

Maxwell’s equations in three-dimensional space are represented as

Electric field update equations:

JE 1
5 = EV x H
Magnetic field update equations:
H _ lV x E
of

Here, E represents the electric field vector, H represents the magnetic field vector, e
is the permittivity, i is the permeability, and V x denotes the curl operator. In the FDTD
simulation, these equations are solved iteratively in both space and time, allowing us
to model the propagation and reflection of electromagnetic waves in complex dielectric
constant models. The application of absorbing boundary conditions mitigates boundary
reflections, resulting in more accurate GPR observation data. This numerical simulation
method based on FDTD plays a crucial role in subsurface exploration, aiding our under-
standing of underground structures and geological features [45]. It contributes valuable
insights to geological studies and engineering planning by providing a means to analyze
subsurface resources and structures more effectively. We utilize the FDTD algorithm to
simulate observation data for GPR with absorbing boundary conditions.

To model dielectric constant (€) distributions, we employ FDTD, which discretizes
space and time into a grid. The update equations for the electric (E) and magnetic (H) fields
are as follows:

1. Update Equation for Electric Field (E):

At
BN = B+ = (H
ikt

1 H! HY o +HY ) (4)

z,]-l-%,k_ 1,j—%,k_ z,j,k+% i,j

2. Update Equation for Magnetic Field (H):

At
n+1l  _ pgn =2y n __ rn
Bl =it P (Ei,j,k Ei+1,j,k) )

r
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Here, E and H represent the electric and magnetic field components, respectively,
at grid points (i, ], k) in the 3D grid. €, and y, denote the relative permittivity and per-
meability of the material at that grid point, and At is the time step. These equations are
applied iteratively in both space and time to simulate the propagation of electromagnetic
waves and their interaction with subsurface structures in the GPR model.

For the X-direction Perfectly Matched Layer (PML) boundary conditions [43],

il o At (H'(i,j)—H'(i—1,j
Ex+l(l/]):Ex(lr])+ < z( ]) z( ])>

=) Ay
.. .. At (HMi,j)—H!i,j—1)
n+1 _n z z
B = EjGi) + 5 i

HIVY2(i,j41/2) = HI V(1,1 +1/2)
For the Y-direction PML boundary conditions,

At (Hg(i,j)—Hg(i—l,j)>

EXtHi, ) = ER(i, ) +

e(i,j) Ay

. . At (HI(i,j) — HZ(i,j — 1)
n+1 _rn z z
Ey (1/]> = Ey(lr]) =+ e(i,j) < Ax

HVY2(i41/2,7) = HFVY2(i+1/2,))

These equations describe the application of PML boundary conditions in two dimen-
sions and cover the electric fields Ex and E, as well as the magnetic field H;. Here, i and j
represent coordinates in a two-dimensional grid, At is the time step, €(i, j) represents the
relative permittivity of the material, and Ax and Ay are the spatial step sizes. In this section,
we will discuss our methodology, which combines various techniques, including random
stratigraphic variation, rock mass generation, stochastic media modeling, and FDTD meth-
ods. This approach allows us to create a multitude of irregular dielectric constant sample
models and their corresponding radar data. The electrical models derived from these
data provide crucial insights into rock formations and stratigraphic structures, as vividly
demonstrated in Figure 4.

2.2.4. Dataset Parameters

Our dielectric constant model has a computational domain size of 4.5 m by 4 m, divided
into a grid of 180 by 160 cells. The main frequency of the GPR is 600 MHz. The num-
ber of sources is 101, with a spacing of 0.045 m. The time step is set to 0.501 x 107! s.
The source is located at a depth of 0.5 m and employs a self-excitation and self-reception
mode. The observation points coincide with the source location. To minimize boundary
reflections, we utilize PML boundary conditions. The simulation time is set to 0.5 x 10~ s.
The numerical values of the dielectric constant model typically range from 1 to 8, reflecting
typical shallow subsurface structural features. The values of the label data usually range
from 0 to 1, with a value of 1 representing locations of blocks and layers, and a value of
0 indicating positions without distinct structures. After obtaining the input and output
data, we used the “imresize” command to resize them into a 256 x 256 matrix to meet the
prediction requirements of the UNet network.
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Figure 4. Conceptual representation of dielectric constant model, radar data, and label images, where
radar data serve as input, and rock structure labels as output.

3. Results

This study includes experiments with synthetic data and field data. Synthetic data
experiments involve datasets generated by us, while field data were obtained from real-
world measurements.

3.1. Synthetic Data

Figure 5 showcases four sets of deep learning predictions, revealing the results of
predicting underground rock and stratigraphic structures using the UNet architecture for
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GPR data. By juxtaposing the predicted images on the left with the ground truth images on
the right, we can thoroughly assess the model’s performance [46]. The deep neural network
takes 12 h to train, yet its prediction speed is less than 1 s. Therefore, once the training is
complete, the network model can be deployed immediately.

Initially, it is apparent that the predictions on the left closely resemble the ground
truth images on the right in terms of color distribution and the continuity of stratigraphic
structures. Clear boundaries of stratigraphic layers are discernible in the left images,
mirroring their presence in the ground truth images. This confirms the UNet model’s
ability to accurately capture the structural characteristics of subterranean rock layers and
generate reasonably precise stratigraphic distribution maps based on this understanding.
Moreover, the model excels in identifying and reproducing larger structural features within
the rock layers, such as prominent boundaries and rock formations. While these features,
depicted by deeper hues in the ground truth images, are similarly reflected in the prediction
results, there may be minor deviations in fine-grained details. In certain cases, the prediction
results accurately depict the shapes of these structures, although precision in terms of size
and positioning may vary.

Nonetheless, it is worth noting that disparities between the prediction results and
ground truth emerge in certain finer details. For instance, some minor features within the
rock layers may appear as blurred or omitted in the predictions. Such occurrences could
be attributed to the model’s constrained generalization capacity or the limited presence
of samples featuring these particular characteristics in the training data. Additionally,
in select stratigraphic layers, disruptions in the prediction results hint at opportunities
for enhancement concerning the model’s ability to capture the continuity of subterranean
structures. A commendable aspect of the model is its proficiency in preserving the overall
trends of the stratigraphic layers. In most prediction images, the model successfully tracks
the general trends of these layers, a valuable trait for subsurface exploration. This suggests
that despite occasional deviations in specific details, the model’s predictions continue to
offer invaluable insights into subterranean structures.

Displayed in Figure 6, these two images depict the prediction outcomes following
the processing of GPR data using the deep learning model UNet, accompanied by a
comparative overlay with the ground truth. Within each image, the anticipated signals
related to subterranean rock and stratigraphic structures are conveyed through varying
color intensities, symbolizing the likelihood of their presence. Concurrently, actual rock and
stratigraphic structures are superimposed in a semi-transparent layer atop the prediction
results. By scrutinizing the accuracy of predictions and identifying discrepancies (where
yellow arrows denote correct predictions and white arrows pinpoint inaccuracies), we can
evaluate the model’s performance.

Firstly, based on the provided information, the model demonstrates a commendable
accuracy rate, precisely predicting 88% of the rock formations. This remarkable level
of precision implies that the model can consistently identify and forecast underground
structures in the majority of cases. Such highly accurate predictions are invaluable for
geologists and engineers involved in underground exploration and assessment, as they
can effectively mitigate risks and minimize costs associated with on-site surveys. Upon
a closer examination of the yellow arrows in the images, it becomes evident that these
arrows typically point towards areas with deeper colors, corresponding to respective
segments of the ground truth layers, thus indicating a heightened probability of accurate
prediction signals. The presence of green arrows signifies false weak anomalies, potentially
influencing judgment, although their quantity can be maintained within acceptable limits.
This suggests that in these areas, the prediction model can accurately capture the presence
and morphology of underground rock formations with exceptional precision. Nonetheless,
instances of prediction errors, as denoted by the white arrows in the images, also exist.
These errors may arise from the model’s failure to capture all intricate geological features
or insufficient acquisition of these features during the training process. Such prediction
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inaccuracies could be attributed to an inadequate training dataset or the complexity of the
underground rock layers surpassing the model’s processing capabilities.
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Figure 5. A comparative visualization of predictions on synthetic data using a trained UNet model
against ground truth. (a) represents the expected output, also known as the ground truth. (b) rep-
resents the prediction results of the trained deep neural network, with the color scale indicating
probabilities. It can be observed that in (a), positions with a value of 1 usually represent structural
information, and in (b), most structural information can be predicted well, with some values also
being very close to the ground truth.
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Figure 6. Observation image after overlapping network predictions with ground truth.

Overall, these prediction results underscore the remarkable potential of the UNet
model in handling GPR data. High-accuracy predictions provide invaluable insights for
exploring and developing underground resources while pinpointing areas where the model
may require improvements under specific circumstances.

As illustrated in Figure 7, in the left image, we can observe a decreasing trend in the
training loss function of the UNet network as the number of epochs increases. This trend
signifies that as the training progresses, the network steadily enhances its performance
and acquires a deeper understanding of the features present in GPR signals related to
underground rock and stratigraphic structure information. Initially, the training loss curve
exhibits a steep decline, which is often indicative of the network’s rapid learning from the
data. However, with the passage of time, the rate of loss reduction gradually decelerates,
suggesting that the network might be approaching the limits of its learning capacity and
potentially entering a convergent state.

The right image presents the loss function on the validation set. Similarly, the loss
function diminishes as the number of epochs increases, a positive indication that the model
generalizes effectively to previously unseen data. The decreasing trend in validation loss
remains relatively stable in comparison to the training loss, without any noticeable upward
trends, implying the absence of overfitting and affirming the model’s strong generalization
capabilities [47].

In summary, these two loss function graphs showcase the exceptional performance of
the UNet network over the course of 300 training epochs. Both training and validation losses
exhibit a consistently declining trend, with no indications of overfitting. This underscores
the model’s high effectiveness in predicting underground rock and stratigraphic structure
information from GPR signals while demonstrating sound generalization capabilities.

03 Training Loss

0.25
0.2
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Figure 7. Loss curve plots for training and validation sets during the network training process.
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3.2. Measured Data

During the actual data collection process, we utilized a GPR with a central frequency
of 600 MHz, specifically the SIR-3000 model. The waveform type employed was the Ricker
wavelet, with vertical polarization being the polarization mode. The acquisition system
comprised a transmitter (antenna), receiver (antenna), control unit (responsible for con-
trolling the transmission and reception processes, as well as recording data), and data
processing unit (utilized for processing and analyzing the collected data, generating under-
ground structure images or profiles). The field setting chosen was a flat and obstacle-free
open area.

Figure 8 displays a measured GPR data image. In the image, radar signals are repre-
sented in color, where different colors indicate varying signal strengths. The time depth is
35 nanoseconds (ns), and the survey length is approximately 16 m. Radar data are typically
used to analyze subsurface structural features, such as rock layers, voids, or other obstacles.

0
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Figure 8. The measured ground-penetrating radar data detected and utilized in this study.

Initial observations are focused on the horizontal colored stripes, likely representing
underground stratigraphic structures. Red and yellow areas indicate strong reflection
signals, suggesting differences in underground interfaces or material electrical properties,
while green and blue areas show weaker signals, possibly due to more homogeneous
underground materials or enhanced signal penetration capabilities. Signal continuity
varies at different depths, with clearer signals near the surface possibly reflecting harder
rock layers or lower water content, while decreased continuity and clarity at greater depths
may result from more complex underground materials or increased water content, leading
to more complex radar signal reflections and refractions.

Figure 9 presents prediction results of measured GPR data obtained through a well-
trained UNet neural network. Image color intensity indicates the probability of under-
ground rock and stratigraphic structure information. Circular markers represent potential
rock formations or blocks, and continuous signals may indicate geological strata. These anal-
yses provide insights into the practical application of deep learning in geological exploration.
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Figure 9. Network predictions corresponding to measured observational radar data.

First and foremost, the image shows multiple bright spots, variations in color intensity,
and the presence of circular markers, suggesting potential locations of rock formations or
blocks. Identifying these features is crucial for guiding subterranean resource exploration,
as they could indicate the presence of metal pipes, boulders, or other geological anomalies.
Additionally, the continuous signals in the image, depicted as elongated color bands,
indicate the persistent structure of geological strata. It is noteworthy that these continuous
signals exhibit varying strengths at different depths, likely due to variations in the physical
properties of the strata, such as soil moisture, density, or material composition disparities.

Figure 10 presents a localized comparison between the prediction results obtained
using the UNet network’s processing of real GPR data and the original radar signals.
The consistency between the radar signals outlined by black boxes and the prediction
results enclosed in white boxes underscores the model’s precision in stratal coherence
and stratigraphic recognition. Analyzing these images provides a deeper insight into
the application and effectiveness of deep learning in identifying geological structures.
To begin, from the enlarged images, it becomes evident that the prediction results (white
boxes) closely correspond to the structural characteristics of the actual radar data (black
boxes). This consistency highlights the UNet’s capacity to accurately learn the features
of underground rock layers from GPR data and predict their structures. Notably, this
capability is particularly evident in recognizing stratal coherence, which manifests as
continuous curves in GPR images and plays a crucial role in indicating electromagnetic
property variations among different materials. The regions indicated by arrows showcase
the model’s potential application in complex geological environments. In these areas, even
as geological structures become more intricate, the prediction results maintain a robust
correlation with the measured data. This demonstrates that the UNet model can not only
identify simple layer structures but also handle more complex geological scenarios.

Moreover, these enlarged views allow us to observe the model’s ability to capture
intricate features of underground rock layers. For instance, the model can depict minor
bends and subtle density variations within stratigraphy, which are essential for precise
geological exploration. In summary, these comparative images highlight the UNet model’s
high accuracy and substantial potential in predicting underground rock layers and strati-
graphic structures. The remarkable consistency displayed within the black and white boxes
underscores the model’s competence in extracting and learning geological features. This
not only validates the practicality of deep learning technology in geological exploration
but also furnishes a potent tool for future geological structure analyses and resource ex-
ploration [48]. With further training and optimization, these models are poised to make
significant advancements in handling more complex geological data, providing geologists
and exploration engineers with more detailed and accurate underground information.
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Figure 10. Schematic for comparative analysis between network predictions enhanced by local
zooming and radar data. The structures in the image correspond to the red dashed box area in
Figure 9.

Figure 11 illustrates the underground structure, as predicted and explained by the
UNet. The image reveals that the surface layer comprises sandy soil, depicted as a relatively
uniform light-colored region. Within this sandy soil layer, there are scattered small rocks or
blocks, potentially indicating the presence of gravel or larger sand particles beneath the
surface. Beneath the sandy soil layer lies a layer of clay, identifiable by its darker hue in
contrast to the sandy soil layer. This disparity suggests distinct physical properties in this
layer, which could be attributed to variations in clay moisture, density, or other mineral
components causing alterations in reflectance [49]. The clay layer exhibits a discernible
thickness, with the color gradually deepening as depth increases, possibly signifying
changes in both thickness and material composition within the clay layer. The lowest layer
comprises bedrock, appearing as a more uniform and continuous color zone in the image.
This bedrock layer exhibits a harder and more consistently structured nature, contrasting
sharply with the sediment layers above it.
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Figure 11. Schematic geological interpretation based on network prediction results.

4. Discussion

The precise identification of underground rock formations and stratigraphic struc-
tures holds paramount importance in geological exploration and engineering construction,
facilitating risk mitigation and cost reduction. While traditional manual feature extrac-
tion methods are often time-consuming and laborious, deep learning models offer the
automated learning and extraction of complex underground structural features, thereby en-
hancing identification accuracy and efficiency. Consequently, this study aims to achieve the
precise identification of underground rock layers and stratigraphic structures by integrating
GPR technology with a deep learning model.

Initially, we employed Random Field Modeling and stratigraphy generation tech-
niques to generate 1000 models of dielectric constants with randomly undulating layers
and randomly distributed rock blocks. These models” dielectric constants mirrored actual
conditions and varied between 1 and 8. Subsequently, we numerically simulated the di-
electric constant models using the FDTD method, yielding corresponding radar images.
By combining radar images with rock layer position information, we established data pairs
and utilized the UNet network to learn the mapping relationship between radar images
and rock layer labels.

Throughout 300 epochs, the training duration was approximately 12 h, with the
loss functions of the training set and validation set exhibiting a stable decreasing trend.
The trained deep network required less than 1 s to predict the test set. The network’s
prediction results indicated an 88% match with the ground truth regarding rock information,
albeit with some discontinuities in the layer structure information, possibly due to signal
loss from excessive rock blocks. Overall, the fluctuation characteristics and burial depth of
the layer information closely resembled the actual situation.

Finally, we employed field data consistent with synthetic data parameters for predic-
tion, obtained from a flat and obstacle-free open area. The prediction results demonstrated
a moderate number of surface rock formations, fewer formations in the middle area, and in-
creased formations at greater depths. Additionally, coherence information in the middle
and deep areas was evident. Based on these prediction results, we analyzed the strati-
graphic structure of the area. The imagery revealed a surface layer comprising sandy
soil, depicted as a relatively uniform light-colored region, with scattered small rocks or
blocks potentially indicating gravel or larger sand particles beneath the surface. Below the
sandy soil layer lay a layer of clay, distinguishable by its darker hue compared to the sandy
soil layer.
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5. Conclusions

In conclusion, this study demonstrates the effectiveness of integrating GPR with the
UNet deep learning model for identifying underground rock formations and stratigraphic
structures. The consistency between GPR-derived signals and UNet’s predictions under-
scores the model’s accuracy in recognizing stratigraphic coherence and geological features.
These findings validate previous research on GPR'’s potential in subsurface characterization
and highlight the efficacy of incorporating deep learning techniques like UNet into GPR
data processing for geological exploration. The implications of these results extend to vari-
ous fields, including geological resource assessment, environmental monitoring, and civil
engineering applications. The successful application of UNet in complex geological envi-
ronments suggests potential for future research and exploration methodologies. Future
directions may involve enhancing the model’s robustness, optimizing data acquisition
strategies, and further validating predictions through field studies. Overall, this study em-
phasizes the synergistic role of GPR and UNet as valuable tools in geological investigation
and provides insights into potential avenues for future research and application.
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