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Abstract

When examining ground-penetrating radar (GPR)-based advanced detection ahead of
the tunnel face for tunnel constructions, existing numerical forward simulations have not
effectively accounted for the actual orientation of the strata and the conditions, limiting their
theoretical guidance. In this study, we classify tunnel boring through strata attitudes into
horizontal, vertical, positively inclined, reverse inclined, and other anomalous structures.
We also consider tunnel faces with different planarity (perfectly smooth or irregular). Using
the finite-difference time-domain method with a generalized perfectly matched layer, we
simulated 21 forward models for GPR-based advanced detection ahead of the tunnel face.
The comparative simulation results indicate that the superposition of reflections from
different directions at irregular tunnel faces, lithological interfaces, complicated numerical
forward models of typical target geological bodies, making it difficult to distinguish the
reflection signals of target geological bodies, and the signal strength in numerical forward
modeling profiles with antenna touch with tunnel face is significantly stronger than those
without such touch. The flatness of the tunnel face and the close proximity between
the antenna and tunnel face are the keys to obtain high-quality original data. These
research findings will contribute to improving instruments, data processing, and geologic
interpretation in future.

Keywords: ground-penetrating radar; tunnel construction; tunnel face advanced detection;
finite-difference time-domain (FDTD) method; generalized perfectly matched layer (GMPL);
numerical simulation

1. Introduction
Ground-penetrating radar (GPR), which is one of the most popular electromagnetic

methods for advanced detection ahead of tunnel faces, can propose information about a
subsurface with high resolution [1–5]. In theory, GPR has the advantage of precise detection
and the disadvantage of short-distance detection [6]. However, in field applications, GPR is
limited by the advanced detection condition ahead of the tunnel face, and it can be difficult
to collect high-quality raw data, distinguish interference from irregular tunnel faces or
inconsistency in the probe direction, submerge the effective signal by interference, and
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differentiate true and false abnormal signals [7]. Thus, the use of GPR for tunnel face ad-
vanced detection has led to poorly applied geological effects in tunnel constructions, which
usually cannot provide correct data processing and accurate geological interpretation.

To improve the field performance of GPR, engineers and scholars have conducted
some instrument research in recent decades. For example, some comprehensive ad-
vanced detection schemes which included GPR, tunnel seismic prediction and transient
electromagnetic advanced detection were proposed [1,5,8]. The fuzzy synthetic judge-
ment method was adopted to analyze GPR, advanced geologic drilling, tunnel seismic
prediction and the transient electromagnetic method [9,10]. By integrating and fusing
GPR, tunnel seismic prediction, the transient electromagnetic method, and advanced
geologic drilling, the advanced detection of tunnel faces have been made some achieve-
ments [11–14]. In addition, Cui F. et al. proposed a method to identify hidden structures
in mine roadways using the autoregressive and moving average power spectrum energy
enveloping medium water content inversion technique for GPR advanced detection [15]
and the signal processing method of time–frequency analysis based on short-time Fourier
transform; a recognition method using GPR attributes and Gaussian processes were
applied to advanced detection field data [16,17]. Moreover, artificial intelligence for the
polygon-Yolov5s framework, convolutional neural network, and deep learning have
been used in tunnel geological prediction in the last 10 years [18–20]. Although the
above studies have involved ground-penetrating-radar-based advanced detection ahead
of the tunnel face in instruments and actual applications, they did not study numerical
simulation of GPR-based advanced detection.

In a numerical simulation of GPR-based advanced detection, using GprMax 3.0 soft-
ware, Li Z. et al. [21] and Deng G. et al. [22] simulated tunnel face advanced detection
models for limestone and karst caves, fault fracture zones, and water-rich zones. However,
these numerical simulations of GPR-based advanced detection in tunnels and coal mines
were based on ideal geologic models, which do not represent the actual geologic models of
rugged tunnel faces and the complex attitudes of strata (Figure 1). Thus, the simulation
results cannot provide guidance for the data acquisition, data processing, and geologic
interpretation of GPR-based advanced detection.

Figure 1. Image showing the field conditions for GPR-based irregular tunnel face.

To improve GPR-based tunnel face advanced detection, it is important to simulate
realistic geologic models by classifying the attitudes of the strata and determining the
conditions of rugged tunnel faces. To the best of our knowledge, the FDTD method with a
generalized perfectly matched layer (GPML) has not been applied before this study. But
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the boundary absorption condition of the GPML has been applied numerical simulation of
GPR downward detection with a perfect ground surface [23].

The rest of this paper is organized as follows: Section 2 introduces the FDTD with the
GPML simulation method for modeling tunnel face advanced detection; Section 3 presents
the numerical simulation data obtained using the method detailed in Section 2; Section 4
presents three actual field detections; Section 5 provides a discussion of the results; and
Section 6 presents the conclusions.

2. Simulation Method
2.1. FDTD with GPML

In the simulation method, GPR-based tunnel face advanced detection is based on
Maxwell’s curl equations in the time domain, which are

∇× E = −µ
∂H
∂t

− σmH (1)

∇× H = ε
∂E
∂t

+ σE (2)

where E is the electric field vector (V/m), H is the magnetic field vector (A/m), ε is the
dielectric permittivity (F/m), µ is the magnetic permeability (H/m), σ is the electrical
conductivity (S/m), and σm is the equivalent magnetic conductivity (Ω/m).

Based on second-order central difference theory, we can infer three FDTD equations
for the Transverse Electric (TE) wave [24,25]:
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where their coefficients are as follows:

CA(i, j) =
1 − σ(i,j)∆t

2ε(i,j)

1 + σ(i,j)∆t
2ε(i,j)

(6)

CD =
∆t
∆s

· 1
√

ε0µ0
(7)

CB(i, j) =
ε0

ε(i, j) + σ(i,j)∆t
2

(8)

When using international units, the numerical values of the electrical and magnetic
fields have large errors in the numerical calculation. Thus, we use normalized numerical
values of the electrical and magnetic fields. This expression is provided as follows:

E = η(i, j)H (9)

where η(i, j) is equal to
√

µ(i, j)/ε(i, j).
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In general, the space step (∆s) should be small at λmin/20, and the time step (∆t) also
must conform to follow non-equality.

∆t ≤ ∆s√
2(vmax)

(10)

In this paper, the boundary absorption condition was used for the GPML. The GPML
is derived from modified Maxwell’s equations in an extended coordinate system.

Based on the centered difference technique, we can infer four TDFD equations for the
TE wave [26–29]:
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where the equations for H In
zx , H In

zy , EIn
x , and EIn

y are as follows:
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Additionally, we should examine the reflection error derived from the discrete grids.
This requires the selection of suitable parameters sx0(x), sy0(y), σx(x), σy(y), σm, and Sm.
The selection principles are as follows:

sx0(x) = 1 + Sm(x/d)n (19)

sy0(x) = 1 + Sm(y/d)n (20)
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σm = − εc/d
1 + Sm(1/3 + 2/π2)

ln Rth (24)

ln Rth = exp
{
−
[

1 + Sm

(
1
3
+

2
π2

)]
σmd
εc

}
(25)

where d is the GPML layer number; x and y are the lengths of the main grid in the x and
y directions, respectively; ln Rth is the theoretical reflection coefficient; k is determined by
numerical testing, with the optimal value falling in the range of 2–5; dx is the edge length
of an individual grid; and λ min is the minimum wavelength.

The simulated area was the B-scan image for the GPR-based advanced detection of a
construction tunnel. The tunnel face, simulation area, GPML, and angle area are shown in
Figure 2.

O

y

x

GPML

Angle aera
Tunnel face Simulation aera

Figure 2. Simulation area for GPR-based tunnel face advanced detection.

According to the above FDTD method and the boundary absorption condition of
the GPML, we developed a flow chart for the FDTD algorithm simulation of GPR-based
advanced detection ahead of the tunnel face for tunnel constructions (Figure 3).

Start of time step cycle

Initialization For TE or TM field 
component

Update the electromagnetic field 
components (including the nodes 
controlled by the corresponding 
absorption boundary conditions) 

Is the loop of time step 
over?

Is the loop of trances 
over? 

end

no

no

yes

Start

S e t  u p  a ntenna center frequency , 
Number of vertical and horizontal 
grids ,  dielectric constant ,  electro 
conductibility, magnetic conductivity

Compute space step length （∆s） , 
t i m e  step length （ ∆t ） , 
e lectromagnetic wave maximum 
velocity 

Set up geometric model of  advanced 
detection

yes

S e p  u p  transmitting antenna and 
excitation source 

R e c o r d  t he electromagnetic field 
component of the position

Figure 3. Flow chart of the FDTD algorithm.
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2.2. Modeling of Tunnel Face Advanced Detection

Tunnel face excavation typically occurs in one of two scenarios: excavation through
an inclined stratum or excavation along an approximately horizontal stratum. The in-
clined stratum can be further classified as a reverse-inclined or positively inclined stratum,
as shown in Figure 4a,b. The approximately horizontal stratum is shown in Figure 4c.
Figure 4d shows the different stratifications of the tunnel face: (I) right-inclined, (II) left-
inclined, (III) non-inclined, and (IV) a single huge thick shape (greater than the maximum
height of the tunnel face) stratification.

Figure 4. Common types of strata and attitude of strata on the tunnel face: (a) positively inclined
strata, (b) reverse-inclined strata, (c) approximately horizontal strata, (d) classification of the exposed
tunnel face.

Currently, the flatness of the tunnel face is influenced by the surrounding rock type,
smooth blasting, and mechanical hazard mitigation at the face. Typically, the tunnel face
exhibits irregular surfaces, as shown in Figure 1. So, the kinds of two-dimensional ground-
penetrating radar survey lines show the random or semi-random polygonal line segments.

To compare all models and reduce the simulation time, we set the following param-
eters: the GPR antenna center frequency was 100 MHz; the number of transverse grids
was 100; the number of longitudinal grids was 80. In order to consider the corresponding
simulation time cost and ensure higher accuracy, the space step was λmin/40; the time step
was ∆s⁄((2×c)); and the absorption boundary was an eight-layer GPML.

Many GPR systems use amplitude pulse sources; we selected the following
driving source:

f (x) = t2e−αtsin(ω0t) (26)

where ω0 is the center frequency, and α is the attenuation coefficient.
Based on the above numerical simulation method of Section 2, We coded the program

for the numerical simulation using MATLAB R2022b language.

3. Numerical Simulation Results
We simulated several media: sandstone, mudstone, limestone, silt, and air (free

space). The main electromagnetic parameters were εr = 8 and σ = 0.005 S/m for sandstone;
εr = 15 and σ = 500 S/m for mudstone; εr = 7 and σ = 0.008 S/m for limestone; εr = 18 and
σ = 800 S/m for silt; and εr = 1 and σ = 0 S/m for air. As indicated in Figure 4 in
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Section 2, this section is divided into five subsections: Section 3.1—horizontal strata;
Section 3.2—vertical strata; Section 3.3—positively inclined strata; Section 3.4—reverse-
inclined strata; and Section 3.5—geophysical models of the other target bodies. These
geophysical models have a unified geometric model (see Table 1).

Table 1. Simulated geometric mode of 100 MHz.

Number of dx and
dy for Mesh

Quadrate Mesh
Spacing (m)

Simulated Predicted
Length (m)

Simulated Tunnel
Face Width (m) Simulated Area (m2)

80 and 100 0.0749 7.4948 5.9958 44.9373

3.1. Horizontal Strata

In actual tunnel constructions, the tunnel face usually consists of a thick horizontal
stratum or several thin horizontal strata. When the thick stratum was only one stratum
(see Figure 4c,d(IV)), we simulated two geophysical models: a perfect tunnel face and an
irregular tunnel face (see Figures 5a and 6a). The settings of the two models were the same
except for different tunnel face.

 

Figure 5. Geophysical model of one stratum for a perfect tunnel face (a) and corresponding simulation
results (b) for GPR-based tunnel face advanced detection.

 

Figure 6. Geophysical model of one stratum for an irregular tunnel face (a) and corresponding
simulation results (b) for GPR-based tunnel face advanced detection.

The simulation results for the two above-mentioned models are shown in Figures 5b and 6b.
For the perfect tunnel face, obvious X- and V-shaped clutter were derived from the boundary
of GPML (Figure 5b); however, for the irregular tunnel face, only the V-shaped clutter was
observed (Figure 6b). This phenomenon was attributed to coupling superimposition for
the boundary of GPML and reflected wave signals from the irregular tunnel face.

In addition to a single horizontal stratum shown in Figures 5a and 6a, the tunnel face
consists of several thin horizontal strata, which is a very usual situation. Thus, we still
established two geophysical models (perfect and irregular tunnel faces) with two horizontal
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strata in this subsection (see Figures 7a and 8a); the simulation results obtained using these
two geophysical models are respectively shown in Figures 7b and 8b.

Figure 7. Geophysical model of two horizontal strata for a perfect tunnel face (a) and corresponding
simulation results (b) for GPR-based tunnel face advanced detection.

Figure 8. Geophysical model of two horizontal strata for an irregular tunnel face (a) and correspond-
ing simulation results (b) for GPR-based tunnel face advanced detection.

In Figure 7a, the tunnel face is flat and close to the GPR antenna. Figure 7b clearly
shows two different GPR reflection profiles, and the reflected signal is stronger in the
sandstone area than in the mudstone area.

In Figure 8a, the numbers of all-convex, half-convex, and all-concave points in the
edge of the simulated area are three, two, and four, respectively. The middle all-convex
point is the boundary between the mudstone and sandstone strata. In Figure 8b, the convex
points are apparent, whereas the concave points are not. But the two half-convex points
cannot be seen because of cutting the GPML aera, and the four concave points still can
be seen in their homologous locations. Thus, the boundary between the mudstone and
sandstone strata can be identified by the middle all-convex point.

3.2. Vertical Strata

In actual tunnel constructions, the tunnel face occasionally consists of several vertical
strata. In this subsection, we simulated four geophysical models with perfect and irregular
tunnel faces (Figures 9a, 10a, 11a and 12a). The electromagnetic parameters were the same
for each model. Figure 9a shows the model of two vertical strata with a perfect tunnel face;
Figure 10a shows the model of two vertical strata with an irregular tunnel face; Figure 11a
shows the model of three vertical strata with a perfect tunnel face; and Figure 12a shows
the model of three vertical strata with an irregular tunnel face.
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Figure 9. Geophysical model of two vertical strata for a perfect tunnel face (a) and corresponding
simulation results (b) for GPR-based tunnel face advanced detection.

Figure 10. Geophysical model of two vertical strata for an irregular tunnel face (a) and corresponding
simulation results (b) for GPR-based tunnel face advanced detection.

Figure 11. Geophysical model of three vertical strata for a perfect tunnel face (a) and corresponding
simulation results (b) for GPR-based tunnel face advanced detection.

Figure 12. Geophysical model of three vertical strata for an irregular tunnel face (a) and corresponding
simulation results (b) for GPR-based tunnel face advanced detection.
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Figure 9b shows a straight reflective interface between the sandstone and mudstone
strata with a V-shaped clutter and nearby the perfect tunnel face with an incomplete
V-shaped clutter. Figure 10b shows a bent reflective interface between the sandstone and
mudstone strata with an X-shaped clutter and nearby the irregular tunnel face with an in-
complete V-shaped clutter. Moreover, we still can determine that when the irregular tunnel
face is convex or concave, the corresponding reflective interface between the sandstone and
mudstone strata show concave or convex.

We added a coal layer stratum to the models, shown in Figures 9a and 10a, resulting in
the models depicted in Figures 11a and 12a. In Figure 11b, we can see two straight reflective
interfaces between the sandstone and coal, coal and mudstone strata with a V-shaped clutter,
an X-shaped clutter, and other some clutter. Moreover, the perfect tunnel face nearby and
the reflective interface between the sandstone and coal strata show an incomplete V-shaped
clutter and a V-shaped clutter, respectively; nearby, the reflective interface between the
coal and mudstone strata shows an X-shaped clutter. In Figure 12b, we can see two bent
reflective interfaces between the sandstone and coal, coal and mudstone strata with an
incomplete V-shaped clutter, an X-shaped clutter, and other some clutter. Moreover, the
irregular tunnel face nearby and the reflective interface between the sandstone and coal
strata each show one incomplete V-shaped clutter; the reflective interface nearby between
the coal and mudstone strata shows an X-shaped clutter.

3.3. Positively Inclined Strata

For GPR-based tunnel face advanced detection of positively inclined strata, we usually
encounter positively inclined strata. Inclined strata are usually classified as positively
inclined strata and reverse-inclined strata. According to engineering practice, we define
positively inclined strata as those inclined in the excavation direction of the tunnel face.

We used two positively inclined strata to simulate a rock segmentation interface. Two
types of tunnel faces were simulated: perfect and irregular (see Figures 13a, 14a and 15a).
The electromagnetic parameters were the same for each model. Figure 13a shows the
model of the 10-grid minimum distance near the rock segmentation interface for a perfect
tunnel face. Figure 14a shows the model of the 20-grid minimum distance far from the rock
segmentation interface for a perfect tunnel face. Based on Figure 14a, Figure 15a shows the
model of the 20-grid minimum distance far from the rock segmentation interface for an
irregular tunnel face.

Figure 13. Geophysical model of the 10-grid minimum distance near positively inclined strata
with a perfect tunnel face (a) and corresponding simulation results (b) for GPR-based tunnel face
advanced detection.
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Figure 14. Geophysical model of the 20-grid minimum distance far positively inclined strata with
a perfect tunnel face (a) and corresponding simulation results (b) for GPR-based tunnel face ad-
vanced detection.

Figure 15. Geophysical model of the 20-grid minimum distance far positively inclined strata with
an irregular tunnel face (a) and corresponding simulation results (b) for GPR-based tunnel face
advanced detection.

In Figure 13b, we can see a positively inclined reflective interface between the sandstone
and mudstone strata, with a heteromorphic incomplete V-shaped clutter and some other
clutter. At the same time, the tunnel face nearby features an incomplete V-shaped clutter.

In Figure 14b, we can see the 20-grid minimum distance far positively inclined reflec-
tive interface between the sandstone and mudstone strata, with a heteromorphic incomplete
V-shaped clutter and some other clutter. The tunnel face nearby features an incomplete
V-shaped clutter.

In Figure 15b, we can see a bent positively inclined reflective interface between the
sandstone and mudstone strata along with a reverse-inclined clutter and some other clutter.
At the same time, the reflective interface nearby for the irregular tunnel face between the
air and sandstone strata shows an incomplete V-shaped clutter.

3.4. Reverse-Inclined Strata

Sometimes, GPR-based tunnel face advanced detection encounters reverse-inclined
strata. For this case, we used two reverse-inclined strata to simulate the rock segmentation
interfaces of a perfect tunnel face in contact with the GPR antenna, a perfect tunnel face
where the GPR antenna does not contact the tunnel face, and an irregular tunnel face
(Figures 16a, 17a, 18a and 19a). The electromagnetic parameters were the same as those for
the models described in Section 3.3. Figure 16a shows the model of the 10-grid minimum
distance near the rock segmentation interface for a perfect tunnel face. Figure 17a shows
the model of the 20-grid minimum distance far from the rock segmentation interface for
a perfect tunnel face. Based on Figure 17a, Figure 18a shows the model of the 20-grid
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minimum distance far from the rock segmentation interface for a non-attaching tunnel face
of the GPR antenna. Figure 19a shows the model of the 20-grid minimum distance far from
the rock segmentation interface for an irregular tunnel face.

Figure 16. Geophysical model of the 10-grid minimum distance near reverse-inclined strata with
a perfect tunnel face (a) and corresponding simulation results (b) for GPR-based tunnel face ad-
vanced detection.

Figure 17. Geophysical model of the 20-grid minimum distance far reverse-inclined strata with
a perfect tunnel face (a) and corresponding simulation results (b) for GPR-based tunnel face ad-
vanced detection.

Figure 18. Based on Figure 20a, geophysical model of a non-attaching tunnel face for the GPR antenna
with a perfect tunnel face (a) and corresponding simulation results (b) for GPR-based tunnel face
advanced detection.
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Figure 19. Geophysical model of a broken fault belt with a perfect tunnel face (a) and corresponding
simulation results (b) for GPR-based tunnel face advanced detection.

Figure 20. Geophysical model of the 40-grid minimum distance far reverse-inclined strata with
an irregular tunnel face (a) and corresponding simulation results (b) for GPR-based tunnel face
advanced detection.

In Figure 16b, we can see a nearly reverse-inclined reflective interface between the
sandstone and mudstone strata, along with a heteromorphic incomplete V-shaped clutter
and other some clutter. At the same time, the reflective interface of the tunnel face shows
an incomplete V-shaped clutter.

In Figure 17b, we can see a far reverse-inclined reflective interface between the sand-
stone and mudstone strata, along with two heteromorphic incomplete V-shaped clutter
and other some clutter. At the same time, the reflective interface of the tunnel face shows
an incomplete V-shaped clutter.

In Figure 18a, the distance is 10 grids from the GPR antenna to the tunnel face. In
Figure 18b, we can see the same features as in Figure 17b; however, the relevant clutter is
more obvious than the attaching tunnel face for the GPR antenna in Figure 17b.

We also simulated a far (the 40-grid minimum distance of reverse-inclined strata to an
irregular tunnel face) rock segmentation interface for an irregular tunnel face (Figure 19a).
In Figure 19b, we can see a bent reverse-inclined reflective interface between the sandstone
and mudstone strata, along with some clutter. At the same time, we observe a reflective
interface of the tunnel face with two incomplete V-shaped clutters.

3.5. Geophysical Models for the Other Target Bodies

In addition to the stable and complete strata discussed in Sections 3.1–3.4, many
anomalous bodies exist in actual tunnel constructions, including faults, broken belts, circu-
lar and rectangular silt-filled karst caves, and so on. The electromagnetic parameters of
these models were the same as in the previously discussed models.
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In the model shown in Figure 20a, a step-shaped interface approximates a broken
fault belt with a perfect tunnel face. In Figure 20b, we can see the corresponding step-
shaped reflective interface between the sandstone and mudstone strata, along with some
reflected and diffracted clutter. Figure 21 shows the situation of a broken fault belt with
an irregular tunnel face. In Figure 21b, the step-shaped reflective interface is still distinct,
but the interface of the irregular tunnel face is indistinct. Meanwhile, the step-shaped
reflective interface clutter nearby shows a reverse-inclined dotted line, and the interface of
the irregular tunnel face nearby shows an incomplete V-shaped clutter.

Figure 21. Geophysical model of a broken fault belt with an irregular tunnel face (a) and correspond-
ing simulation results (b) for GPR-based tunnel face advanced detection.

Figures 22 and 23 represent circular silt-filled karst caves with perfect and irregular
tunnel faces, respectively. In Figure 22b, we can see a hyperbolic curve-shaped reflective
interface, with the irregular tunnel face nearby showing an incomplete clutter and other
some clutter. But the hyperbolic curve-shaped reflective interface in Figure 23b is more
oblate than that in Figure 22b, and the nearby irregular tunnel face shown in Figure 23b
has more clutter.

Figure 22. Geophysical model of a circular silt-filled karst cave with a perfect tunnel face (a) and
corresponding simulation results (b) for GPR-based tunnel face advanced detection.

Figures 24 and 25 show the models and simulation results for rectangular silt-filled
karst caves with perfect and irregular tunnel faces, respectively. In Figure 24b, we can
see two reflective interfaces: one shaped like a square bracket and the other one like a
straight line, right at the edge of the rectangular karst cave. Meanwhile, X-shaped clutter is
observed to the left of the straight line-shaped reflective interface, while nearby, the perfect
tunnel face shows an incomplete V-shaped clutter. In contrast, the square bracket-shaped
reflective interface in Figure 24b appears as a V-shaped reflective interface in Figure 25b,
while the straight line-shaped reflective interface has changed to a small X-shaped clutter
in Figure 25b.
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Figure 23. Geophysical model of a circular silt-filled karst cave with an irregular tunnel face (a) and
corresponding simulation results (b) for GPR-based tunnel face advanced detection.

Figure 24. Geophysical model of a rectangular silt-filled karst cave with a perfect tunnel face (a) and
corresponding simulation results (b) for GPR-based tunnel face advanced detection.

Figure 25. Geophysical model of a rectangular silt-filled karst cave with an irregular tunnel face
(a) and corresponding simulation results (b) for GPR-based tunnel face advanced detection.

4. Confirmation of Actual Field Detections
In order to prove otherness between the above forward numerical simulation results

and homologous actual field detection results, we selected three typical actual advanced
detections in the field—irregular tunnel face, perfect tunnel face, and non-attaching tun-
nel face—for the GPR antenna, and we deeply analyzed the effects of actual detections.
These actual field detections all used instruments of SIR-20 GPR and screened antennas of
100 MHz center frequency, and the trigger method was continuous time trigger.

4.1. Advanced Detection Ahead of Irregular Tunnel Face

During the excavation of tunnel faces, many tunnel faces are usually irregular except
for the mechanical excavation of soft rock. Now, take for instance the actual advanced
detection of the Lei Yingpu Tunnel for the import left line LK68+664 tunnel face in Sichuan

https://doi.org/10.3390/geosciences16030099

https://doi.org/10.3390/geosciences16030099


Geosciences 2026, 16, 99 16 of 25

province, China. In Figure 26a, the tunnel face is very irregular such that the maximum
difference from the concave point to convex point is more than 1.0 m, the GPR survey line
is a horizontal line from the left-side wall to right-side wall, the detection direction is in
the middle ahead of the tunnel face, and the GPR antenna is attached to the tunnel face; in
Figure 26b, from the above relevant definition, tarata within the advanced detection range
is a representative positively inclined stratum, which is made up primarily of sandstone
and siltstone.

Figure 26. Photograph of irregular tunnel face (a) on LK68+664 in the Lei Yingpu Tunnel and
corresponding geological longitudinal section (b) for Lei Yingpu Tunnel left line of import.

From Figure 27a showing the original profile of GPR advanced detection, we can see
three positions of non-continuous phase transition and these non-continuous transitions
through the entire time window. Through these non-continuous phase transitions that
provide relevant data processing and geological interpretation, we can find a relevant
strong phase transition 21 m ahead of the tunnel face, which comes from the interface
between sandstone and silty siltstone. Finally, the tunnel face excavation verified the
interface between sandstone and silty siltstone, as shown in Figure 27b.

Figure 27. Actual field detection results of Figure 26. Original profile of GPR advanced detection
(a) for Figure 26 and corresponding Verification of geologic column (b) after excavation.

4.2. Advanced Detection Ahead of Perfect Tunnel Face

If effect of smooth surface blasting and risk mitigation for a tunnel face are all good,
we can acquire a smooth tunnel face that also approximates a perfect tunnel face. Now,
take for instance the actual advanced detection of the Lei Yingpu Tunnel for the import
right line RK68+635 tunnel face in Sichuan province, China. In Figure 28a, the tunnel face
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is relatively smooth such that the maximum difference from the concave point to convex
point is more than 0.1 m, the GPR survey line is a horizontal line from the left-side wall
to right-side wall, the detection direction is in the middle ahead of the tunnel face, and
the GPR antenna is attached to the tunnel face; in Figure 28b, from the above relevant
definition, tarata within the advanced detection range is also a representative positively
inclined stratum, which also is made up primarily of sandstone and siltstone.

Figure 28. Photograph of perfect tunnel face (a) on RK68+635 in the Lei Yingpu Tunnel and corre-
sponding geological longitudinal section (b) for Lei Yingpu Tunnel right line of import.

In Figure 29a showing the original profile of GPR advanced detection, we can see that
all non-continuous transitions are not measured through the entire time window, and the
strongest phase transition is 4 m ahead of the tunnel face, which comes from the interface
between sandstone and silty siltstone, except for the phase transition of the directive wave.
Lastly, the tunnel face excavation also verified the interface between sandstone and silty
siltstone, as shown in Figure 29b.

Figure 29. Actual field detection results of original profile of GPR advanced detection (a) for Figure 28
and corresponding verification of geologic column (b) after excavation.

4.3. Non-Attaching Tunnel Face for the GPR Antenna

Now, take for instance the actual advanced detection of the Lei Yingpu Tunnel for
the import left line LK68+664 tunnel face. As seen in Figure 26a, the tunnel face is very
irregular such that the maximum difference from the concave point to convex point is more
than 1.0 m, the GPR survey line is a horizontal line from the left-side wall to right-side wall,
the detection direction is in the middle ahead of the tunnel face, and the GPR antenna is
attached the tunnel face; in Figure 26b, from the above relevant definition, tarata within the
advanced detection range is a representative positively inclined stratum, which is made up
primarily of sandstone and siltstone.
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When performing GPR advanced detection ahead of the tunnel face on the excavation
trolley, the interspace from excavation trolley to tunnel face always has 0.5–1.0 m ranges.
So, the GPR antenna does not attach to the tunnel face. Now, take for instance the actual ad-
vanced detection of the three-way Huayingshan Tunnel for the import right line RK25+206
tunnel face in Chongqing municipality province, China. As seen in Figure 30a, the GPR
antenna keeps about 0.8 m of interspace away from the tunnel face, the GPR survey line is
a horizontal line from the left side to right side, the detection direction is a 30-degree tilt
ahead of the tunnel face; in Figure 30b, with the above relevant definition, tarata within the
advanced detection range is also a representative positively inclined limestone stratum.

Figure 30. Photograph of non-attaching tunnel face (a) for the GPR antenna on RK25+206 in the Hua
Yingshan Tunnel and corresponding geological longitudinal section (b) for Hua Yingshan Tunnel
right line of import.

From Figure 31a showing the original profile of GPR advanced detection, we can see
the continuity of all phase transitions is very great, but it has a low reflectance energy area
on the right center profile of the GPR, and the abnormity is located 12.24 m in the middle
ahead of the tunnel face of its 8–10 m survey line by computing. Moreover, we infer that
it is a water flow channel. Finally, the tunnel face excavation verified the abnormity, as
shown in Figure 31b.

 

Figure 31. Original profile of GPR advanced detection (a) for Figure 30 and corresponding photograph
of tunnel face (b) after excavation.

https://doi.org/10.3390/geosciences16030099

https://doi.org/10.3390/geosciences16030099


Geosciences 2026, 16, 99 19 of 25

5. Discussion
5.1. Simulation Results for Horizontal Strata

In Section 3.1, we simulated four geophysical models: a single horizontal stratum
with a perfect and an irregular tunnel face and two horizontal strata with a perfect and an
irregular tunnel face. Horizontal or approximately horizontal strata are very common in
tunnel constructions.

When simulating a single stratum, we observed reflected clutter from the boundaries
of the simulation area, indicating that the GPML did not achieve complete absorption in
the absorbing layers. Although all relevant electromagnetic parameters satisfied the ab-
sorption condition of the GPML, numerical dispersion and calculation errors still occurred.
Additionally, multiple diffuse reflections from the irregular tunnel face overlapped with
the reflected waves from the simulation area boundaries, further complicating the results.

Regarding simulating two horizontal strata, when the tunnel face was perfect, we
observed a sudden change in the rock segmentation interface. In contrast, when the tunnel
face was irregular, we did not see a sudden change in the rock segmentation interface;
meanwhile, the reflected signal of the most convex point was the strongest, whereas the
reflected signal of the most concave point was the weakest. Moreover, stabilizing the strong
interference signals resulted in a bright band in the B-scan profile, which was the same as
for the stable interference signal in the excavated space for tunnel constructions.

5.2. Simulation Results for Vertical Strata

In Section 3.2, we simulated four geophysical models: two vertical strata with a
perfect and an irregular tunnel face and three vertical strata with a perfect and an irregular
tunnel face. Vertical and approximately vertical strata were also sometimes encountered in
tunnel constructions.

When simulating two vertical strata, reflected waves propagated from the boundaries
of the simulation area, the tunnel face, and the rock segmentation interface. However,
reflected waves from only the rock segmentation interface are needed. For the perfect
tunnel face, we can see a straight reflective interface between the sandstone and mudstone
strata with a V-shaped clutter, and the tunnel face nearby has an incomplete V-shaped
clutter. And all clutters just have two V-shaped clutters. For the irregular tunnel face, a
straight segmentation interface was transformed into a curved interface due to overlay
influence of the irregular tunnel face. When the GPR antennas moved along the connecting
line—the most convex points on the irregular tunnel face—the most convex points of the
irregular tunnel face corresponded to the most concave points of the rock segmentation
interface and vice versa—the most concave points of the irregular tunnel face corresponded
to the most convex points of the rock segmentation interface.

When simulating three vertical strata, the simulated profile of the rock segmentation
interface was analogous to that in the simulations of two vertical strata; however, more
than one rock segmentation reflected interface was observed.

5.3. Simulation Results for Positively Inclined Strata

In Section 3.3, we simulated three geophysical models: two models of positively
inclined strata with a perfect tunnel face and one model of positively inclined strata with an
irregular tunnel face. Positively inclined strata are very common in tunnel constructions.

When simulating two vertical strata with both perfect and irregular tunnel faces, we
observed reflected waves near the tunnel faces and along the rock segmentation interface.
These waves originated from the boundaries of the simulation area. Additionally, we identi-
fied a consistent pattern: the irregular tunnel face altered the shape of the rock segmentation
interface, making it amorphous. The straight segmentation interface transformed into a
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curved interface due to the irregular tunnel face. When the GPR antennas moved along the
line connecting the most convex points on the tunnel face, the most convex points of the
tunnel face corresponded to the most concave points of the rock segmentation interface,
while the most concave points of the tunnel face corresponded to the most convex points of
the rock segmentation interface.

Based on the model of a relatively far positively inclined stratum with an irregular
tunnel face, we observed a key difference compared to a perfect tunnel face: the reflected
interface of the far positively inclined rock segmentation face was curved rather than
straight. Additionally, we identified a consistent pattern: the most convex points on the
rock segmentation face become the most concave points and vice versa—the most concave
points become the most convex points. Middle points of the rock segmentation face
remained unchanged. High intermediate points of the rock segmentation face underwent
slight concave deformation, while low intermediate points of the rock segmentation face
showed slight convex deformation.

Why do these phenomena occur? They can be explained using the law of two-way
travel time in consideration of the average electromagnetic wave velocity, which governs
wave propagation and reflection behavior in the medium.

From the perspective of signal strength, the maximum amplitudes for the perfect
tunnel face were larger than those for the irregular tunnel face (Figure 32). Meanwhile, the
average amplitude of the pivotal A-scan was larger for the perfect tunnel face than for the
irregular tunnel face (Figure 33), demonstrating that the tunnel face should be smooth.

 

Figure 32. Single A-scan oscillographs corresponding to the simulation results for the perfect and
irregular tunnel faces from Figures 14b and 15b.

5.4. Simulation Results of Reverse-Inclined Strata

In Section 3.4, we simulated four geophysical models: two reverse-inclined strata
with the GPR antenna touching a perfect tunnel face; one reverse-inclined stratum with
the antenna not touching a perfect tunnel face; and one reverse-inclined stratum with an
irregular tunnel face. Reverse-inclined strata are common in tunnel constructions.
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Figure 33. Radar graph of average amplitude statistical value depicting the simulation results
obtained from the geophysical models with perfect and irregular tunnel faces from the 8th, 13th, 23th,
33th, 43th, and 58th A-scans corresponding to Figures 14b and 15b.

From the perspective of signal strength, the maximum amplitudes were larger for the
perfect tunnel face than for the irregular tunnel face (Figure 34). Moreover, the average
amplitude of the pivotal A-scan was larger for the perfect tunnel face than for the irregular
tunnel face (Table 1). The maximum amplitude and mean amplitude were respectively
6.852 and 6.281 stronger when the antenna touched the tunnel face than when the antenna
did not touch the tunnel face (Table 2), demonstrating that the GPR antenna should touch
the tunnel face.

 

Figure 34. Comparison of the oscillographs of the 35th A-scans corresponding to Figures 17b and 18b.
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Table 2. Comparison of maximum and mean amplitudes for the 35rd A-scans corresponding to
Figures 17b and 18b.

Amplitude (Statistical Value) Maximum Amplitude Mean Amplitude

Antenna touching the tunnel face 1.849 0.067
Antenna not touching the tunnel face 0.270 0.011

Ratio 6.8520 6.281

5.5. Simulation Results for Other Target Bodies

In Section 3.5, we simulated six geophysical models: two broken fault belts, two
circular silt-filled karst caves, and two rectangular silt-filled karst caves with both perfect
and irregular tunnel faces. These geologic anomalies are common in tunnel constructions.

With these six simulated results, we can see that the orthogonal zig-zag boundary of
these six geophysical models is the main reason for making simulation distortion, except
for the boundary of simulated areas and the irregular tunnel face. Moreover, we can find
that diffracted interference waves come from the orthogonal zig-zag boundary in the fault
broken belt and the orthogonal zig-zag boundary circular karst cave simulated results. In
addition, we still can find concurrences of the three factors: the boundary of the orthogonal
zig-zag of simulated target bodies, the boundary of the simulated area boundary, and the
boundary of the irregular tunnel face make simulated results more complex.

5.6. Overview of the Discussion

In Sections 3.1–3.5, we simulated a total of 21 geophysical models of GPR-based tunnel
face advanced detection (Table 3).

Table 3. Summary of simulated geophysical models.

Geophysical Models Perfect Tunnel Face Irregular Tunnel Face Number of Models

Horizontal strata 2 2 4
Vertical strata 2 2 4

Positively inclined strata 2 1 3
Reverse-inclined strata 3 1 4
The other target bodies 3 3 6

The simulation results obtained using these 21 geophysical models provide guidance
for the data acquisition, data processing, and geologic interpretation for GPR-based tunnel
face advanced detection. It is worth noting that the models of horizontal strata included
the status of only one stratum.

Although the simulation method of FDTD with GPML achieved good simulation
results for GPR-based advanced detection at 100 MHz, the simulation area was smaller
than the actual area of ground-penetrating-radar-based advanced detection ahead of the
tunnel face. Simulating the actual area would require a simulation time of several hours for
one geophysical model. However, this did not affect the features of the simulated results.

6. Conclusions
Studying GPR-based tunnel face advanced detection based on the FDTD-GPML

method has significance for preventing geologic disasters, reducing accidents, minimiz-
ing tunnel constructions without sufficient geologic information, and ensuring the safe
and efficient production of tunnel constructions. In this study, we used the FDTD-GPML
method to simulate the GPR-based tunnel face advanced detection. The conclusions are
summarized as follows:
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Based on the attitude features of the strata for the tunnel construction, forward mod-
eling was classified into several categories: horizontal strata, vertical strata, positively
inclined strata, reverse-inclined strata, and other abnormal target bodies (e.g., broken fault
belts and silt-filled karst caves). We simulated GPR-based tunnel face advanced detection
using 21 geophysical models. These models allowed us to evaluate the effects of irregular
tunnel faces and the distance of the antenna from the tunnel face on the advanced detection
ability, providing guidance for physical forward models.

We applied the FDTD-GPML method to simulate GPR-based tunnel face advanced
detection and achieved good numerical simulation performance.

Based on the systemic analysis of the advanced detection simulation results from
21 geophysical models, we revealed the characteristics of the GPR profile images for
perfect and irregular tunnel faces. The results can greatly improve the quality of data
collection and processing along with the technical level of geologic interpretation. In
particular, the forward simulations with different distances of the antenna from the tunnel
face and different tunnel faces (perfectly smooth vs. irregular) and their interpretation have
important application significance. Their interpretation explains why the GPR antenna
should be as close to the detection line as possible; when the tunnel face is irregular, the
GPR profile image is discontinuous over the in-phase axis, and the waveform is cluttered.

If the irregular tunnel face is inerratic, we can also process the GPR data similar to terrain
correction, as demonstrated by the simulation results shown in Figures 8, 10, 12, 15, 19, 21 and 25.
But when we are doing terrain correction, we should note whether GPR antenna should be
positioned along with the actual curved line or the straight lines on the irregular tunnel face.

Based on the actual advanced detections that are an irregular tunnel face, an approx-
imate perfect tunnel face, and a non-attaching tunnel face for the GPR antenna, we also
verified the otherness between the forward numerical simulation results and homologous
field actual detection results.

In this study, we used the FDTD-GPML method to simulate 21 forward models of
GPR-based tunnel face advanced detection. The results provide theoretical guidance for
data acquisition, data processing, and geologic interpretation. However, the simulated
area in this study was smaller than the actual area of ground-penetrating-radar-based
advanced detection ahead of the tunnel face. In addition, the effect of the distance of the
GPR antenna from the tunnel face was not studied for the irregular tunnel face. There-
fore, the FDTD-GPML method needs to be evaluated with real geometric size models
(e.g., 12 m × 30 m for two-lane tunnels and 15 m × 30 m for three-lane tunnels) and with
more complex forward models in the future.
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