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Abstract: Seismic method is a major approach for detecting
the seismic geological features ahead of the tunnel, understanding the distribution of unfavorable geology, and
ensuring the safety of tunnel construction. Observation
system is the key for seismic detection, many studies
have been conducted to optimize the observation system;
however, most of them focused on the surface seismic
investigation and numerical simulation rather than in
tunnel ﬁeld environment (limited aperture and full space
environment). How to obtain better waveﬁeld information
with limited observation aperture is a great challenge. In
this study numerical simulation and instrumental techniques (GPR, DC, etc.) were implemented to further check
the result of seismic detection at the 1# tailrace tunnel
at the Wudongde hydropower station. In the ﬁeld case,
observation detectors were arranged spatially in the
tunnel and source points were placed in four ways:
linearly along a single side, on the tunnel face, in front
of the detectors, and behind the detectors. Then, after
data acquisition, the data processing is conducted to
carry out the migration results. The imaging results
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indicate that the observation system with sources and
detectors in liner arrangement (with equal interval) helps
to suppress artifacts, further supporting the advantages
of spatial observation system with liner observation line
(detectors). Moreover, the study provides suggestions for
geological prospecting in similar tunnel projects.

1 Introduction
The rapid and sustained economic development has
increased the requirements for road traﬃc engineering,
water conservation, and hydropower projects. This development leads the trend that the country builds more and
more constructions in the underground environment [1].
Taking China as an example, in the ﬁeld of transportation,
16,331 km railway tunnels are in operation, and 7,465 km
tunnels are under construction, as well as 15,634 km tunnels are under design or planning by the end of 2018 [2].
In the ﬁeld of water conservation and hydropower, more
than 40 key hydropower projects are planned or under construction as well as dozens of long-distance water transfer
projects [3]. Besides, urban underground and underwater
tunnels have also been rapidly constructed along with the
development of urban subways [4]. During tunnel excavation, geological disasters such as water inrush and collapses easily occur during tunnel construction without
accurate information of adverse geology in advance [5–7].
It is crucial to acquire information such as the location, scale, and category of seismic geological features in
advance to guarantee the safety of the construction and
personnel. Although possible fractured areas and fault conditions can be preliminarily estimated through surface
surveys, the resolution of the location and scale of such
anomalous bodies may not be enough [8,9]. Therefore,
geological detection methods used in tunnel have been
developed to improve the exploration accuracy of seismic geological features, including geological drilling, seismic methods,
electromagnetic methods, and resistivity methods [1]. Among
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these methods, tunnel seismic detection method is a typical
geophysical exploration approach, which can deduce the
properties (wave impedance), scale, and shape of geological structures in front of the tunnel face. By analyzing
the response (reﬂected waves) of the adverse geologies,
the interface with the diﬀerence in wave impedance could
be estimated, such as cave, fault, and fractured zones. The
seismic method has been widely used in tunnel geological
exploration owing to its sensitivity to faults and caves, as
well as its long detection distance [6]. Representative tunnel
seismic methods are tunnel seismic prediction (TSP) [10,11],
true reﬂection tomography (TRT) [12], seismic ahead-prospecting (SAP) [6], the true reﬂection underground seismic
technique (TRUST) [13], etc.
As the basis of tunnel seismic detection method, the
observation system plays an important role on the accuracy of the detection results. To support a good detection
result, researchers proposed several observation systems
for seismic detection in tunnel environment. For example,
TSP places the source points and detectors along a straight
line, and uses an explosion in the drilling hole to
excite a seismic wave for detection [10]. Diﬀerently,
TRT, SAP, and TRUST use space observation system
for observing the seismic waves, and the hammer is
adopted to excite seismic waves. Among them, TRT
places the sources and detectors in multiple rings on
the tunnel sidewall [12], TRUST sets the detectors in a
ring and arranges the sources in a straight line [13],
and SAP places the sources in a ring and linearly
arranges the detectors [6,14]. In other words, with the
improvement in signal processing technique, the forms
of observation system are gradually increasing.
Due to the important role of observation system on
data processing and migration, many studies have been
conducted to optimize and improve the observation arrangement. The main approaches are numerical study and ﬁeld
test. In general, most studies are conducted to recognize
the advantages of spatial observation system (compared
to the one-dimensional observation system) [14–16]; meanwhile, the comparison studies are mainly based on the
numerical ways. Therefore, actual data analysis and comparison are still needed. Hence, a detailed comparative analysis
of spatial observation systems was carried out in this study
based on the tailrace tunnel of Wudongde hydropower station in China, revealing the waveﬁeld characteristics and
providing more evidences. First, the general background
of the Wudongde hydropower station and the geological
condition are introduced; Second, four typical spatial observation systems are designed and applied for data processing
and geological imaging (as well as the detailed processing
methods, including pre-processing, ﬁltering, waveﬁeld
separation, migration, etc.); Third, comparative analysis on

observed seismic records and imaging results is carried out;
Finally, comprehensive detection based on other geophysical methods, including ground penetrating radar (GPR),
the direct current (DC) electric method, and the transient
electromagnetic method (TEM), are conducted to further
check the imaging results using diﬀerent observation systems. In other words, based on an actual tunnel environment, this study evaluates the observed data and imaging
characteristics using diﬀerent observation system, and estimates the geological conditions ahead of the tunnel face,
helping for better understanding the geological conditions.

2 Site description
Wudongde hydropower station is located at the Jinsha
River, which is the junction of Huidong County (Sichuan
Province) and Luquan County (Yunnan Province), China
(Figure 1). It is the ﬁrst station of the four-stage hydropower stations (including Wudongde hydropower station, Baihetan hydropower station, Xiluodu hydropower
station, and Xiangjiaba hydropower station) in the lower
reaches of the Jinsha River. The Wudongde hydropower
project has a drainage area of 406,100 km2. Double-curved
arch dam was constructed to stop water in this station
and make a reservoir with the water storage level of
975 m and the total storage capacity of 7.408 billion
cubic meters. This station is of signiﬁcant importance
for increasing the power generation and output, promoting the ﬂood prevention and local economic development. The Wudongde hydropower station is located
at the position with complex geological condition by
terrain, which is located at a deep and steep canyon.
The slope has the height of about 1,500–1,800 m, as
well as a grade of 60–70°. The underground project
mainly consists of large caverns, water tunnels, tailrace
tunnels, diversion tunnels, and ﬂood discharge tunnels
[17], most of them are long and large (cavern groups).
The 1# tailrace tunnel is located at the left of Jinsha
River, which has thick gray and dark gray layers, as well
as discontinuous phyllite strips. In general, the stratigraphic lithology is mainly medium- and thick-bedded
tuﬀs, marble, and dolomite; meanwhile, intermittent faults
are developed [18]. As Figure 1(c) shows, the 2# diversion
tunnel is located approximately at 38–83 m in front of the 1#
tailrace tunnel when 1# tailrace tunnel was being excavated
at the mileage of 1 + 151 m. Meanwhile, when this diversion
tunnel is in operation and water overﬂows, the diversion
tunnel can be regarded to be an underground river or waterﬁlled cave in detection ﬁeld test, providing a good environment for observation system study.

Study on observation system of seismic forward prospecting in tunnel
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Figure 1: Project overview of the #1 Tailrace Tunnel of Wudongde hydropower station: (a and b) location of Wudongde hydropower station,
(c) geological proﬁle diagram, and (d) relative position of #1 Tailrace Tunnel and #2 Diversion Tunnel.

3 Observation systems and
methodology
3.1 Observation systems for data acquisition
In this study, suﬃcient seismic data were observed by
several typical observation systems. Then, the data analysis was carried out and incorporated to provide guidance for comparison and selection of spatial observation
system. In view of the traditional observation systems
and on-site conditions, four typical spatial observation
systems were designed (Figure 2).
Spatial observation system A is designed, as shown
in Figure 2(a), such that source points (S1–S12) are mounted
on two rings (six source points per ring) at the position
5 and 7 m far away from the tunnel face. And ten detectors are placed on four rings (two or three detectors per
ring) at the position 25–40 m far away from the tunnel
face. Among them, detectors R1, R2, R6, and R7 are on
the shoulder of the tunnel, while detectors R3, R5, R8,
and R10 are on the haunch of the tunnel, and detectors
R4 and R9 are on the vault of the tunnel. The spacing of
these four rings is 5 m in the tunnel axial direction.
Observation systems B and C have the same arrangement of detectors, but the source positions are diﬀerent.
Figure 2(b) shows the observation system B, which places

12 source points on the tunnel face with a spacing of 2 m.
Figure 2(c) shows the spatial observation system C, which
arranges 12 source points at the haunch of the tunnel
sidewall within the range of 18–41 m from the tunnel
face (the source points are in a straight line with a spacing of 2 m).
Figure 2(d) shows the spatial observation system D,
in which the detectors are arranged on the left and right
side of the tunnel (ﬁve detectors in one side) and the
distances from the detectors to the tunnel face are 10,
14, 18, 22, and 26 m, respectively. 12 sources are arranged
in 2 rings, which are 36 and 41 m far away from the tunnel
face, respectively.
For these four observation systems, an eight-pound
sledge hammer was used to excite the seismic waves at
diﬀerent locations in the ﬁeld. Then, the seismic wave
information was collected by detectors installed on the
sidewall of the tunnel.

3.2 Data processing methods
In addition to the direct analysis of the acquired raw
seismic signals, it is important to perform the necessary
data processing and imaging analysis before evaluating
the observation system. In this study, the seismic-ahead
prospecting method [6] is used for data processing. The
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Figure 2: Four tunnel seismic observation systems: (a) observation system A, (b) observation system B, (c) observation system C, and (d)
observation system D.

geological imaging results of diﬀerent observation systems were obtained through ﬁltering, waveﬁeld separation, velocity analysis, migration imaging, etc.
The ﬂow of main data processing is shown in Table 1,
in which the ﬁrst arrivals of the original seismic records
are picked and the velocity of direct wave is estimated;
then, the band-pass ﬁltering is adopted to remove noise
with higher or lower frequency than the dominant frequency. The trace equalization is adopted to balance the
amplitude of the signals of diﬀerent traces. The automatic

gain control (AGC) and de-convolution are used to increase
the amplitude and improve the resolution. The f-k ﬁltering
is used to separate the P- and S-waves, and diﬀraction stack
migration is adopted to image the geological features ahead
of the tunnel face.

4 Case study
4.1 Data acquisition

Table 1: Data processing ﬂow
No.

Process method

1
2
3
4
5
6
7
8
9

First arrival time picking
Direct wave velocity analysis
Mute direct waves
Bandpass ﬁltering
Trace equalization
Deconvolution
AGC
Wave ﬁeld separation
Migration

To evaluate the feasibility of the above observation systems, data acquisition was carried out at the tailrace
tunnel of the Wudongde hydropower station. Considering
the bad inﬂuence of drill-and-blast excavation on the
shape control of the tunnel, the observation system was
adjusted to achieve the actual in-tunnel data acquisition, especially, for the condition that the left part of
the tunnel face is located 10 m behind the right part
of the tunnel face. In that case, observation systems
are modiﬁed and shown in Figure 3. For the observation

Study on observation system of seismic forward prospecting in tunnel
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Figure 3: Actual observation systems of tunnel site data acquisition: observation systems (a) A, (b) B, (c) C, and (d) D.

system A, 12 source points were placed close to the
tunnel face (5–7 m away from right part of the tunnel
face). All source points were set in the chamber of the
right part of the tunnel face. For observation system B,
12 source points were set on the right part of the tunnel
face with a spacing of 2 m.
Observation systems C and D are similar to those in
Figure 2. The sampling time interval and length were
0.1 ms and 409.6 ms, respectively. An eight-pound sledgehammer was adopted to excite the seismic waves at source
points S1–S12. Besides, to observe vibration better, geophones are mounted on the tunnel sidewall by a small borehole with fast-drying cement materials.
Figure 4 shows the seismic records of the common
source gather when source is at point S1. It is easy to ﬁnd
the direct wave with large amplitude and width. Figure 4(a)
shows the seismic records of the observation system A. It
indicates that the seismic event is hard to be identiﬁed
due to the discrete arrangement of the detectors and
source points. Figure 4(b) shows the seismic records of
the observation system B. Due to the scattering eﬀect of
the breaking points (reﬂector between the left part and
right part of the tunnel face), the direct wave received on
the left sidewall of the tunnel is more complicated and
generally overlaps the scattered waves. In that case, it is

diﬃcult to distinguish the wave ﬁeld. Figure 4(c) shows
the seismic records of the observation system C, which
indicates that the direct wave changes signiﬁcantly (amplitude and arrival time), and the signal amplitude on the right
side wall is much smaller than that on the left side (due to
the sources being located on the left sidewall). Figure 4(d)
illustrates the seismic records of observation system D,
which shows that the events are clear and easily distinguishable. Besides, to better understand the diﬀerence in
seismic signals by diﬀerent source positions, the frequency
of the data was then analyzed. Figure 5 shows the frequency
spectrums, which indicates that the dominant frequencies
of the observation systems A, C, and D are similar (approximately 200–500 Hz). Diﬀerently, the dominant frequency
of the observation system B is lower obviously. In other
words, compared to the observation systems A, B, and C,
the observation system D helps to observe the seismic data
with clear event, which is better for the waveﬁeld identiﬁcation and separation.

4.2 Migration imaging results
For data collected by these four observation systems, the
imaging results were carried out by ﬁltering, waveﬁeld
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Figure 4: Original data of source S1 collected in the tunnel ﬁeld: seismic records collected by observation systems (a) A, (b) B, (c) C, and
(d) D.

Figure 5: Frequency spectrogram of ﬁeld data in the tunnel site: seismic records collected by observation systems (a) A, (b) B, (c) C, and
(d) D.

Study on observation system of seismic forward prospecting in tunnel

separation, velocity analysis, migration imaging, etc.
Figure 6 shows the migration results of geological features ahead of the tunnel face.
Figure 6(a) shows the imaging result using the observation system A. No obvious reﬂection exists in the
mileage of 1 + 151 m to 1 + 176 m. Several reﬂections
with large amplitude exist at the mileage of 1 + 176 m to
1 + 211 m, as well as reﬂection located at the mileage of
1 + 226 m.
Figure 6(b) shows the imaging result using the observation system B. No obvious reﬂection exists in the
mileage of 1 + 151 m to 1 + 167 m. Several reﬂections
with strong amplitude exist at the mileage of 1 + 167 m
to 1 + 201 m, particularly in the mileage of 1 + 174 m to
1 + 179 m and 1 + 196 m to + 201 m.
Figure 6(c) shows the imaging result using the observation system C. There are many reﬂections existing
in the migration result. Several reﬂections with strong
amplitude exist at the mileage of 1 + 151 m to 1 + 176 m.
Numerous reﬂections are located at the mileage of
1 + 176 m to 1 + 226 m.
Figure 6(d) shows the imaging result using the observation system D. A clear reﬂection exists at the mileage
of 1 + 151 m to 1 + 166 m. Numerous reﬂections exist at
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the mileage of 1 + 166 m to 1 + 191 m, particularly at the
mileage of 1 + 171 m to 1 + 176 m and 1 + 186 to 1 + 191 m.

4.3 Summary
To evaluate the seismic detection results using diﬀerent
observation systems, ﬁeld experiments were analyzed
both in the raw data and imaging features. The eﬀectiveness of the four observation systems was analyzed by
comparing them with known large geological structures
(pre-excavated tunnel), which indicates that the observation system D helps to get the more accurate imaging
result. The detailed diﬀerence in the study was summarized in Table 2 and the characteristics are as follows:
(1) Four observation systems can be used to detect
the large geological structures ahead of the tunnel face in
this case (the tunnel face is divided into two parts with
diﬀerent positions), and the reﬂection of the pre-excavated tunnel has large amplitude and is easy to be
identiﬁed.
(2) The reﬂection of the front interface of the preexcavated tunnel has more accurate position than the

Figure 6: Migration imaging results of tunnel seismic method for observations (a) A, (b) B, (c) C, and (d) D.

26
26
20
20
37
25
1
5
56
56
50
50
67
55
29
35
30
30
30
30
30
30
30
30
5
16
15
29
8
16
15
6
40
71
44
60
35
71
44
80
D

C

B

Front interface of diversion tunnel
Back interface of diversion tunnel
Front interface of diversion tunnel
Back interface of diversion tunnel
Front interface of diversion tunnel
Back interface of diversion tunnel
Front interface of diversion tunnel
Back interface of diversion tunnel
A

38
85
38
85
38
85
38
85

Error
(%)
Actual
position (m)
Target
Observation
system

Table 2: Comparison between imaging results

reﬂection of the rear interface. The position error of the
interface using the observation system B is large (over
15%), and the position errors using the observation systems A, C, and D are smaller.
(3) For the estimation of interface inclination, the
front interface and rear interface are slightly diﬀerent.
The imaging results using the observation systems A, B,
and C have large error of inclination angles (over 20°),
and the observation system D has the smallest error.

5 Results and discussion

Predicted
position (m)

Actual dip
angle (°)

Deviation
value (°)
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Predicted dip
angle (°)
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By ﬁeld experiment analysis, the observation system D
helps to get the clear imaging result, which is consistent
with the major geological structures (the pre-excavated
tunnel ahead of the tunnel face). However, in addition to
the strong reﬂections of the pre-excavated tunnel, it
is easy to ﬁnd several randomly distributed reﬂections
existing in these four imaging results (Figure 6). To
understand whether these reﬂections are real fractured
zones or artifact, the integrated detection using GPR, the
DC electric method, and the TEM were combined to realize the geological features ahead and further evaluate
these seismic detection results using diﬀerent observation system. Besides, the numerical simulation was conducted to analyze the reason.

5.1 Test by integrated geophysical detection
To verify the seismic wave detection results of the four
observation systems, GPR, the DC electric method, and
the TEM were employed. In principle, GPR can estimate
the spatial position and shape of the underground target
body by using transmit high-frequency electromagnetic
waves with the detection distance of 30 m [19]. The DC
electric method can estimate the water body 30 m ahead
of the tunnel face [20] by analyzing the electric ﬁeld,
while TEM can detect the water body ahead at a distance
of 50 m.
Combined with the results of the above three methods,
as shown in Figure 7, the inferred results are as follows:
(1) In the mileage of 1 + 151 m to 1 + 170 m, the GPR
result shows that the reﬂection is weak. The DC result
shows the apparent high resistivity zone, and the TEM
result also shows the apparent high resistivity. It can be
deduced that the rock mass in this zone is similar to that
of the tunnel face (the rock mass is integrity).

Study on observation system of seismic forward prospecting in tunnel

(2) In the mileage of 1 + 170 m to 1 + 181 m, the
GPR result shows a strong reﬂection in the mileage of
1 + 170 m to 1 + 181 m. The DC result shows the apparent
low resistivity in the mileage of 1 + 173 m to 1 + 181 m,
and the TEM result also shows the apparent low resistivity
in the mileage of 1 + 170 m to 1 + 176 m. In that case, the
rock mass can be deduced as the pre-excavated tunnel.
(3) In the mileage of 1 + 181 m to 1 + 201 m, the TEM
result shows apparent high resistivity, which could be
deduced as the rock mass with good integrity.
According to the integrated geophysical detection,
the positional relationship between the pre-excavated
tunnel and the tailrace tunnel can be estimated. It was
also conﬁrmed that the rock mass between the tunnel
face and the pre-excavated tunnel is integrity without
unfavorable geological body. By comparing with the
seismic detection results, it can be found that the imaging
result using the observation system D is more accurate.
And there are more false artifacts in the imaging results of
other three observation systems. However, there is also
false artifact in the imaging results using the observation
system D, although the number is small.
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It can be inferred that, in addition to the reﬂection
of the diversion tunnel, false anomalies are caused by
scattered waves at the breaking points of the left and
right steps of the tunnel and by the converted wave at
the diversion tunnel interface. Therefore, a numerical
simulation of the forward modeling must be carried
out to better reveal the source of false anomalies in the
detection results and the reason for this needs further
study.

5.2 Test by numerical simulation
To evaluate the artifacts in the imaging result, twodimensional forward modeling and imaging were studied
based on the ﬁnite-diﬀerence method. The geological
model (in homogenic and elastic materials) is shown in
Figure 8, which has the size of 200 m × 200 m and grid of
0.5 m. The tunnel has a width of 14 m. The parameters of
the tunnel are Vp = 340 m/s and Vs = 2 m/s; the parameters
of rock mass are VP1 = 4,000 m/s and VS1 = 2,300 m/s; the

Figure 7: Geophysical integrated detection results: (a) GPR, (b) DC, and (c) TEM results.
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Figure 8: 2D forward modeling geological model.

parameters of pre-excavated tunnel are VP2 = 1,500 m/s
and VS2 = 866 m/s. The pre-excavated tunnel is 38 m ahead
of the tunnel face with the width of 45 m. In simulation,
Ricker wavelet with 300 Hz was adopted as the source, and
the spatial observation systems in Figure 3 were used to
collect the data.
Figure 9(a) shows the seismic records of the observation system A. The direct wave has a large amplitude.
However, it is diﬃcult to recognize reﬂections in the
seismic records. Figure 9(b) shows the forward seismic
records of the observation system B. When the source is
located on the tunnel face, the direct wave on the left side
of the tunnel is poor due to the inﬂuence of the scattered
waves by the breaking points (point L and M), resulting in

a complicated waveﬁeld. Figure 9(c) shows the seismic
records of the observation system C. The arrival time
of the direct wave varies with the change in the source
location. When the sources are located in front of the
detector, the apparent velocity direction of the direct
waves is the same as that of the reﬂected waves. On the
contrary, the apparent velocity direction of the direct
waves is opposite to that of the reﬂected waves. Figure 9(d)
shows the seismic records of the observation system D.
Because the detectors are linearly arranged, the reﬂected
waves of the diversion tunnel and the scattered waves by
the breaking points of the tunnel face can be distinguished.
Meanwhile, the apparent velocity direction of the reﬂected
waves is opposite that of the direct waves. Therefore, waveﬁeld separation can be achieved by the f-k or τ-p ﬁltering,
supporting to get the clear imaging result.
Figure 10(a) shows the imaging result of the observation system A. There are strong reﬂections at the position
of the pre-excavated tunnel interfaces. Two false anomalies are present in the middle of the front and back interfaces. According to the analysis of propagation snapshots,
the false anomalies occur due to the discrete arrangement.
The scattered waves, converted waves, and transverse
waves are hard to be removed. Figure 10(b) shows the
imaging result of the observation system B. Due to that
the scattered waves are generated at the breaking points
L and M of the tunnel face, the artifact exists in the imaging result. Similarly, the artifacts caused by the breaking
points of the tunnel face exist both in the imaging results
of the observation system C (Figure 10c) and the observation system D (Figure 10d).

Figure 9: Seismic records of forward modeling using tunnel seismic method: observation systems (a) A, (b) B, (c) C, and (d) D.

Study on observation system of seismic forward prospecting in tunnel
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Figure 10: Forward imaging results of tunnel seismic method: observation systems (a) A, (b) B, (c) C, and (d) D.

6 Discussion
Tests carried out using the integrated geophysical detection
and numerical simulation, it is easy to ﬁnd that the observation system D is beneﬁcial for seismic detection in tunnel.
Inﬂuenced by an irregular tunnel face, scattered
waves are generated at the breaking points between
two diﬀerent tunnel faces and sidewalls. The arrangement of detectors or sources along a line is conducive to
suppressing the interference waves and improving the
signal-to-noise ratio, which is beneﬁcial to the reﬂected
wave recognition and wave separation.
The observation system C arranges the sources on the
left side of the tunnel, which is favorable for the identiﬁcation of the left interface reﬂection. However, due to
the anomalous body being unknown in ﬁeld, it is necessary to arrange the sources both on the left and right
sidewall of the tunnel.

7 Signiﬁcance of the ﬁndings
The ﬁndings are (1) the SAP method was adopted in
tunnel to estimate the geological conditions ahead of

the tunnel face, (2) the characteristics of raw data and
imaging result were analyzed to optimize the observation
system suitable for this tunnel environment, and (3) the
characteristics of the breaking points on the tunnel face
were analyzed, providing assistance in the interpretation
of seismic detection results in a similar tunnel.

8 Conclusion
In this study, the SAP method was adopted to understand
the geological conditions ahead of the tunnel face at the
1# tailrace tunnel of Wudongde hydropower station. Based
on the tunnel project, four typical observation systems
were designed and applied in this project. And the better
observation system was evaluated by analysis using the
integrated geophysical detection and numerical study. The
main conclusions are as follows:
(1) The typical spatial observation systems are designed
and analyzed; then, seismic ahead prospecting method
was carried out at the tailrace tunnel to predict the
geological condition ahead of the tunnel face. The analysis of seismic records and migration results shows that
the four methods can help detect the major geological
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structures ahead of the tunnel face (such as the interfaces of pre-excavated tunnel ahead of the tunnel face
of the tailrace tunnel).
(2) Integrated detection, consisting of GPR, DC, and
TEM, was conducted to estimate the geological condition
ahead of the tunnel face. The detection results further
evaluate the integrated rock mass between the tunnel
face and the pre-excavated tunnel (the diversion tunnel).
Then, the numerical simulation was carried out that
revealed the characteristics and imaging results of seismic
waves, proving the advantages of the observation system
D in suppressing the interference and obtaining more
accurate results.
This article provides references and guidance for
the selection of observation systems in similar cases of
tunnel engineering. In future, the observation system should
be further veriﬁed in numerous tunnel engineering. And
the Reverse Time Migration and Full Waveform Inversion
should be studied to further suppress the artifacts.
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