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Abstract: It is significant to monitor the leakage at the joints of the diaphragm walls of subway station
foundation pits to check the weak links in the waterproof quality of the diaphragm wall structure. It is
essential to take effective waterproof measurements timely to improve the overall waterproof quality of the
diaphragm wall in the foundation pit to prevent accidents and reduce the operation and maintenance costs.
This paper used ground penetrating radar (GPR) to detect the Lishan North Road Station section of Jinan
Rail Transit Line R2 during construction. The abnormal waveform image is obtained after processing radar
detection data with Reflexw software. This abnormal waveform image is used to identify the abnormal
area. In order to accurately predict the location of leakage at the joint of diaphragm wall, MATLAB is
used to calculate the average wave velocity amplitude and single channel signal of the electromagnetic
wave velocity of geological radar at different mileages and draw the trend chart of average wave velocity
amplitude with mileage and the corresponding relationship curve of electromagnetic wave amplitude and
depth of radar. It is proposed that sudden changes in the area of the average wave velocity amplitude
cause a change in the trend chart. Furthermore, the radar electromagnetic wave velocity amplitude curve
is taken as the area where seepage may occur at the joints of the diaphragm wall, so as to determine the
corresponding mileage and depth of the leakage area. On this basis, the grey correlation analysis for the
analysis of the source of the water leakage at the joints of the diaphragm wall of the subway foundation
pit is proposed. The research results show that the leakage water at the joints of the diaphragm wall of the
subway foundation pit is not connected to the rivers around the foundation pit, which confirms that the
construction of the subway station has not affected the groundwater resources around the station. The
proposed approach has successfully predicted the location of the foundation pit leakage disaster and has
been verified on the project site. The research results provide a reference for the monitoring and early
warning of leakage at the joints of diaphragm walls in foundation pits with similar geological conditions.

Keywords: water leakage; GPR; joint of the continuous wall; electromagnetic wave velocity

Sustainability 2023, 15, 506. https://doi.org/10.3390/su15010506 https://www.mdpi.com/journal/sustainability

https://doi.org/10.3390/su15010506
https://doi.org/10.3390/su15010506
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0002-2837-7833
https://orcid.org/0000-0003-4591-815X
https://orcid.org/0000-0002-9884-3449
https://orcid.org/0000-0003-1611-1736
https://orcid.org/0000-0002-2267-5573
https://doi.org/10.3390/su15010506
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su15010506?type=check_update&version=1


Sustainability 2023, 15, 506 2 of 21

1. Introduction

With the rapid development of urbanization and the exponential growth of the urban
resident population, traffic pressure increases continuously. Urban population density, traf-
fic congestion, and other space shortages have seriously hindered urban development. The
emergence of urban subways can not only ease traffic congestion but also benefit citizens
in transit by shortening their travel time [1–3]. As an important infrastructure project in
China, subway station construction projects are more complex than other infrastructure
projects. Many factors may affect these projects, including significant structural problems
of varying intensity, among which water leakage is one of the most common structural
problems [4–7]. Water leakage problems will lead to reinforcement corrosion, affecting
the structural strength and threatening the safety of subway tunnel operation. Therefore,
monitoring the water leakage problem has always been highly important. Furthermore, it
is relatively difficult to predict the leakage in advance during the foundation pit excavation.
The water leakage not only affects the progress of subway construction but also brings
some economic losses when the water leakage is serious [8–12]. Therefore, it is of great
significance to monitor and warn about the leakage of diaphragm wall joints and adjacent
walls during the excavation of the foundation pit. During the subway construction, the
on-site construction personnel use various monitoring methods to predict when and where
the underground diaphragm wall of the foundation pit leaks will occur, so as to identify the
leakage at the joints of the underground diaphragm wall of the foundation pit in advance.
Furthermore, based on this, the necessary preventive measures need to be carried out to
ensure the progress and safety of the construction and avoid economic losses caused by
the leakage.

As one of the main subway tunnel leakage monitoring technology methods, GPR
is considered an intuitive, clear, fast, and accurate technology. In the literature, various
scholars have conducted a lot of research using GPR to detect roads [13–15]. It is found that
high-frequency antennae have better anti-interference ability, richer information content,
and better resolution and detection accuracy than low-frequency antennae in shallow track
detection. Moreover, the water leakage of the pipeline and the rich water layer in the
subgrade were successfully found. It has been revealed from the literature that various
model test pieces have been developed in the laboratory based on GPR for detection and
analysis, which have verified as intuitive, clear, fast, and accurate characteristics of GPR
and provided a convincing scientific basis for monitoring abnormal areas [16–19]. Yin
et al. [20] studied the two-dimensional and three-dimensional models of the leakage water
by using the forward and inverse theory through the leakage water test on the tunnel lining
surface, determined the location of the leakage water, and enriched the characteristics
and interpretation basis of the GPR spectrum. Dong et al. [21] verified the difference
between the dielectric constant of the surrounding medium and the target through the
study of the propagation and attenuation law of electromagnetic waves. This study is
conducive to the display of the image characteristics of the target. For similar hidden
problems in the same medium, its size can be determined according to the arc span in the
image. Various researchers analyzed the characteristics of these typical radar images by
making a variety of representative typical verification model specimens and also carried
out fracture water injection tests [22–25]. The results show that the GPR can detect the
specific location and distribution of typical problems such as cavities and non-compactness.
The literature [26–33] introduces the current situation of using geological radar to monitor
hidden soil problems on the project site. Its detection results are consistent with the actual
situation. GPR technology can quickly and clearly determine the problem locations on the
project construction site, which has a unique role in the distribution of structural layers,
predicting potential geological disasters, and evaluating project construction quality. The
literature [34–41] studied the damage characteristics and constitutive models of rock and
soil mass fracture and geological disasters.

In the past, GPR was used to obtain a two-dimensional radar image of the engineering
measurement area and visually analyze the defects or problems such as water-containing
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bodies in the project through the image. In fact, the two-dimensional radar image directly
obtained by the GPR is easy and affected by various external conditions such as mechanical
vibration, engineering construction, and excavation disturbance. In general, only the two-
dimensional radar image can be used to judge whether there is a defect or not. For the
construction site of a subway station, the excavation depth of the foundation pit usually
reaches 30 m, and it is difficult to locate the engineering defects existing in the foundation
pit. This may result in poor performance of monitoring technology for detecting leakage
at the joints of the diaphragm walls of subway foundation pits. Therefore, this problem
may be treated as the most important problem for better water leakage monitoring. In this
research, GPR technology was used to conduct the on-site radar detection of the Lishan
North Road Station section of Jinan Rail Transit Line R2 during the construction period, in
order to explore structural leakage disasters during the construction of the subway station
and focuses on the identification and prediction of the location where the leakage may
occur at the joints of the diaphragm wall. This research may provide a new method for the
use of geological radar technology to predict leakage in a better way.

2. Principle of GPR for Detecting Abnormal Bodies

The GPR detection method is a spectral electromagnetic technology used to determine
the distribution of underground media. The working principle of GPR is based on the
difference in the dielectric constant between the detected target and the surrounding
medium. By sending electromagnetic waves in the form of pulses into the ground, some
electromagnetic waves will be reflected when encountering the interface of media with
different dielectric properties. The receiving antenna will receive the reflected waves and
record the time, as shown in Figure 1. According to the received radar waveform, the
underground target’s spatial position, dielectric conductivity, and geometric form can be
inferred to detect the underground target [42–44]. The propagation of the electromagnetic
wave in an underground medium follows the basic principle of the Maxwell equation, and
its differential form is shown in Equation (1):

∇× H = ∂D
∂t + J

∇× E = −∂B
∂t

∇× B = 0
∇× ∆ = 0

 (1)

where5 is the Hamiltonian operator, E is electric field strength, H is magnetic field strength,
B is magnetic induction strength, D is the potential shift, J is current density.
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Since the GPR often uses the profile method (transmitting and receiving antennas move
equidistantly) for measurement and the distance between the receiving and transmitting
antennas is small compared with the depth of the geological anomaly body of the detection
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target, it is assumed that the radar wave is vertically incident (the distance between the
receiving and transmitting antennas is 0). The buried depth of the geological anomaly body
of the detection target by the radar wave is:

V =
c√
εr

(2)

where V is the wave speed of the electromagnetic wave and c is the speed of light in a
vacuum. Generally, the value is 3 × 108 m/s and r is the relative dielectric constant of
the medium.

H = V × t
2

(3)

where t is the double travel time of electromagnetic wave in the medium and H is the
burial depth.

The advanced detection of underground roadways is mostly along the coal seam.
Generally, the coal seam is relatively dry and its dielectric constant is greatly different from
the surrounding rock, which is an ideal location for the detection. When the electromagnetic
wave propagates along the coal seam or rock stratum with the same electrical properties,
there will be no abnormal echo. However, when there are faults, collapse columns, fracture
zones, and other geological structures in front of the roadway, the electromagnetic wave
will have reflected energy anomalies, diffraction, scattering, phase anomalies, and other
phenomena. By analyzing the characteristics of reflected echo anomaly, the location of
the geological structure in front of the roadway can be identified and the potential hazard
predicted effectively.

It can be seen from Equation (2) that the greater the difference in dielectric constant,
the stronger the received radar wave energy and the more obvious the image. In the process
of foundation pit excavation, the difference in the dielectric constant of the seepage point
at the joint between the dry soil and the diaphragm wall is large and the difference of the
dielectric constant determines the feasibility of detecting the seepage of the diaphragm
wall in the foundation pit with GPR.

The factors that affect the accuracy of the GPR include internal and external aspects.
The internal factors mainly involve to the conductivity, dielectric constant and other factors
regarding the detection object’s environment, that is, the difference between the defect
to be detected and the dielectric constant of the surrounding objects. The greater the
difference, the higher the accuracy of the GPR. The external factors are mainly related
to the detection method, such as the frequency used for detection, sampling speed, etc.
Generally, high sampling frequency and slow detection speed will appropriately improve
the accuracy. In addition, the detection route can also be repeatedly detected to improve
the measurement accuracy.

3. GPR Path Layout and Data Acquisition
3.1. Project Overview

The total length of Jinan Rail Transit Line R2 is about 36.4 km, including a 34.5 km
underground line, 1.6 km of elevated line, a 0.3 km transition section, and 18 stations.
The civil works of Section VI, with a total length of 1.03 km, including Lihuang Road
Station, and Lishan North Road Station. Lishan North Road Station is an underground
double-column three-span double deck island station. The total length of the station’s main
body is 522.71 m, the width of the standard structural section is 21.3 m, the thickness of the
station covering soil is about 3.6 m, and the foundation pit was constructed by the open
excavation method. The terrain in this area is generally gentle. The groundwater is mainly
supplied by atmospheric precipitation, lateral seepage of rivers, and external flow of the
area. The groundwater is weakly corrosive to concrete structures. There are surface water
bodies distributed in and around the foundation pit of the subway station, mainly including
Xiaoqing River and its tributaries Dongluo River and Liuxingtou River. Xiaoqing River
is located about 1.6 km to the north of the line and the Dongluo River, about 20 m from
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the site to the west of the foundation pit, has a small water volume. The Liuxingtou River,
about 90 m away from the site on the east side of the foundation pit, has a small amount
of water. The general flow direction of surface water and groundwater is from south to
north. According to the field survey and relevant data collected, the elevation difference
between the river surface and the groundwater level is not large. In the high-water season,
the surface water rises and then infiltrates to recharge the groundwater. In the dry season,
the groundwater level is higher than the river surface and the groundwater recharges
the surface water. During the survey, groundwater was encountered in all boreholes.
The stable groundwater level buried depth was 2.3–3.3 m and the elevation was between
21.94–23.35 m. It belongs to the type of phreatic water that occurs in the pores of the
Quaternary loose layer and the underlying bedrock fissures. The survey period belongs to
the annual high-level period.

3.2. Route Layout

In order to predict the position and depth of leakage at the joints of the diaphragm wall,
ensure the foundation pit’s safe construction, and improve the structure’s waterproofing,
this paper uses GPR technology to regularly detect the foundation pit. The GPR equipment
used is the Seeker SPR ground penetrating radar system developed by the USRADAR
SUBSURFACE IMAGING SYSTEM of the United States, which uses a P-0100 antenna to
continuously observe along the survey line as shown in Figure 2. The data acquisition
pulse of the GPR is 100 MHz, the time window is 400 ns, the scanning rate is 16 scan/s,
the axial encoder is triggered, and the gain is 20 dB. Suppose that there is water leakage at
the diaphragm wall joint during the foundation pit excavation. In that case, the water will
leak from the outside of the foundation pit to the inside of the foundation pit through the
diaphragm wall, especially the water in the lower soil outside the foundation pit near the
diaphragm wall will percolate and migrate, which will cause the ground penetrating radar
data outside the foundation pit to change before and after the excavation of the foundation
pit. By comparing the ground penetrating radar indicators such as wave velocity amplitude
before and after the foundation pit excavation, it can determine whether leakage occurs
and the location of the leakage.
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In order to adapt to the on-site coordination of the project progress, this paper selects
10 survey lines in a discontinuous manner, a total of five groups. The grouping is shown in
Table 1, where 1© and 2©measuring lines are Group A, 3© and 4© are Group B, 5© and 6©
are Group C, 7© and 8© are Group D, and 9© and 10© are Group E. We choose to arrange the
detection route inside and outside the foundation pit near the diaphragm wall. The specific
field survey line layout is shown in Figure 3.
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Table 1. Grouping of survey lines.

Line Mark Location (Inside/Outside
the Foundation Pit) Group Line Mark Location (Inside/Outside

the Foundation Pit) Group

1© Outside the foundation pit
A

7© In foundation pit
D

2© In foundation pit 8© Outside the foundation pit

3© In foundation pit
B

9© In foundation pit
E

4© Outside the foundation pit 10© Outside the foundation pit

5© Outside the foundation pit
C

6© In foundation pit

Sustainability 2023, 14, x FOR PEER REVIEW 7 of 22 

 

 
Figure 3. Ground Penetrating Radar Detection Path Site. 

4. Analysis of Radar Detection Data 
In the process of geological radar data acquisition, high-frequency electromagnetic 

waves are usually used for the detection in order to obtain more reflected echo character-
istics. At the same time, in addition to the original data, some interference signals during 
the detection process are also recorded while collecting the data. Therefore, before the 
interpretation of the radar data in the abnormal area, the collected data should be pro-
cessed to eliminate interference, gain useful signals, and improve the signal-to-noise ratio, 
so as to provide high-quality radar images for the data and then predict the water leakage 
at the joints of the diaphragm wall of the foundation pit. 

4.1. Determination of Abnormal Area 
Due to the different lengths of the survey line in different areas, the mileage of the 

collected data is different, about 4 m–15 m, and the direction is from west to east. Reflexw 
software is used to remove DC drift, air layer, gain, horizontal signal, band-pass filter, and 
de-average the collected detection data [31–33], and five groups of B-scan GPR images of 
GPR are obtained. 

Figure 4 shows the B-scan GPR images outside the Group A diaphragm wall during 
the foundation pit excavation. During the foundation pit excavation, the B-scan GPR im-
ages are stable within the effective detection range and no abnormal area is found, indi-
cating that no water-conducting fissure is detected within the range of the survey line. 
Therefore, within the monitoring range of Group A, the stress disturbance during the 
foundation pit excavation has little impact on the diaphragm wall. There is no hydraulic 
connection inside and outside the diaphragm wall in this section, no water leakage, and 
the water separation effect is good. 

Figure 3. Ground Penetrating Radar Detection Path Site.

4. Analysis of Radar Detection Data

In the process of geological radar data acquisition, high-frequency electromagnetic
waves are usually used for the detection in order to obtain more reflected echo characteris-
tics. At the same time, in addition to the original data, some interference signals during
the detection process are also recorded while collecting the data. Therefore, before the
interpretation of the radar data in the abnormal area, the collected data should be processed
to eliminate interference, gain useful signals, and improve the signal-to-noise ratio, so as to
provide high-quality radar images for the data and then predict the water leakage at the
joints of the diaphragm wall of the foundation pit.

4.1. Determination of Abnormal Area

Due to the different lengths of the survey line in different areas, the mileage of the
collected data is different, about 4 m–15 m, and the direction is from west to east. Reflexw
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software is used to remove DC drift, air layer, gain, horizontal signal, band-pass filter, and
de-average the collected detection data [31–33], and five groups of B-scan GPR images of
GPR are obtained.

Figure 4 shows the B-scan GPR images outside the Group A diaphragm wall during
the foundation pit excavation. During the foundation pit excavation, the B-scan GPR
images are stable within the effective detection range and no abnormal area is found,
indicating that no water-conducting fissure is detected within the range of the survey
line. Therefore, within the monitoring range of Group A, the stress disturbance during the
foundation pit excavation has little impact on the diaphragm wall. There is no hydraulic
connection inside and outside the diaphragm wall in this section, no water leakage, and
the water separation effect is good.
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Figure 5 shows the B-scan GPR images outside the diaphragm wall of Group B during
the excavation of the foundation pit. Before excavating the foundation pit, the B-scan GPR
images are stable within the effective detection range (as shown in Figure 5a). However,
after excavating the foundation pit to about 8 m deep, a triangle-shaped abnormal area (as
shown in Figure 5b) appeared within the survey line mileage. The abnormal area extends
downward from the upper part, indicating that there may be water-conducting cracks. The
reason is that the dielectric constant of water is different from that of soil. When there are
water-conducting cracks in the detection area, the existence of water will cause abnormal
reflection waves at the water-soil interface, which will lead to the abnormality of the B-scan
GPR images. Therefore, during the excavation of the foundation pit, it is recommended
that the detection area of Group B be listed as the key seepage prevention area and an
emergency plan for plugging should be prepared in the subsequent excavation process.
When the foundation pit was excavated to 15 m, a large range of abnormal areas (as shown
in Figure 5c) appeared in the B-scan GPR images. At this time, leakage holes were found in
the site construction area, as shown in Figure 6.

Similarly, the detection data of Group C, D, and E are analyzed. The B-scan GPR
images are stable within the effective detection range. No abnormality is found in Group C
and Group D, that is, no water leakage occurs within the scope of the survey line. However,
during the excavation of the foundation pit in Group E, there is an abnormal triangle-
shaped area within the mileage of the survey line, as shown in Figure 7. Later, it was
confirmed by the excavation site of the foundation pit that there were water leakage holes
in the underground diaphragm wall of the foundation pit in this area.
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Figure 7. B-scan GPR images of Group E abnormal area.

4.2. Determine the Corresponding Mileage of the Abnormal Area

The waveform image of the geological radar obtained by Reflexw software can effectively
analyze the existence of water-conducting cracks but it cannot accurately reflect the location
of water leakage in the diaphragm wall. In order to effectively predict the leakage position
of the underground diaphragm wall of the foundation pit, MATLAB is used to calculate
the average wave velocity amplitude of the electromagnetic wave velocity of the geological
radar at different mileages, draw the trend chart of the average wave velocity amplitude with
mileage, and determine the corresponding mileage and depth of the leakage area. There
are abnormal areas in the regional radar waveform of Group B, whereas no abnormal areas
in the regional radar waveform of Group A were found. Take Group B as an example to
analyze the change curve of electromagnetic wave velocity of geological radar and select the
change curve of electromagnetic wave velocity of Group A as a comparison. The average wave
velocity amplitude of electromagnetic wave velocity at different mileages for Group A data was
calculated; the curve of average wave velocity amplitude versus mileage was obtained as shown
in Figure 8. Before the excavation of the foundation pit, the average wave velocity amplitude
tends to be horizontal as a whole, and only fluctuates in a small range of −0.10–0.05 m/ns.
When the foundation pit is excavated to 15 m, the average wave velocity amplitude maintains a
horizontal trend and the fluctuation range does not change significantly, which indicates that
there is no water leakage within the range of the Group A measuring line during the excavation
of the foundation pit.
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Figure 8. The relationship between the average wave velocity amplitude and the mileage of the
Group A foundation pit external survey line.

Figure 9 shows that the change curve of the average wave velocity amplitude of
electromagnetic wave velocity at different mileage with mileage in the measured data
of Group B. As shown in Figure 9a, before the foundation pit excavation, the average
amplitude of electromagnetic wave velocity at different mileages tended to be horizontal as
a whole and fluctuated only in a small range. As shown in Figure 9b, when the foundation
pit is excavated to 8 m, the average wave velocity amplitude has an abnormal mutation
within the range of 0.7 m–1.0 m of the measuring line mileage and the peak value is about
2.96 m/ns at the 0.84m mileage. Therefore, there may be a leakage area within the range of
0.7 m–1.0 m of the measuring line in this section, and the center point of the leakage area
is located at the 0.84 m mileage of the measuring line. As shown in Figure 9c, when the
foundation pit is excavated to 15 m, the average wave velocity amplitude has an abnormal
mutation within 0.65 m–0.9 m of the measuring line mileage and the peak value is about
−0.57 m/ns at the 0.84 m mileage. That is, when the foundation pit is excavated to 15 m
depth, leakage occurs within 0.65 m–0.9 m of the measuring line mileage and the center
point of the leakage is 0.84 m of the measuring line mileage.
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Figure 9. The relationship between the average wave velocity amplitude and mileage of the external
survey line of the Group B foundation pit.

4.3. Determination of Abnormal Point Depth

A single channel signal graph is the curve of amplitude and depth of a radar elec-
tromagnetic wave, which can determine the corresponding depth of the abnormal area.
According to the above analysis, the mileage corresponding to the center point of the
abnormal area is determined to be 0.84 m. A single-signal map of the mileage before, at
8 m, and at 15 m during the excavation of the foundation pit is drawn and the mileage of
the normal area (4.0 m) is selected on the same survey line as a reference for comparative
analysis, as shown in Figures 10–12, respectively.

As shown in Figure 10, before the excavation of the foundation pit, the curves of
electromagnetic wave amplitude changes with depth at 0.84 m and 4.0 m of the survey
line mileage are roughly similar, both of which have sudden changes in the range of about
3.5 m–4.2 m and then fluctuate horizontally within a certain range. As shown in Figure 11,
when the foundation pit is excavated to 8 m, the electromagnetic wave amplitude at 0.84 m
of the measuring line mileage has a second mutation within the range of 13.5 m–14 m,
whereas the electromagnetic wave amplitude at 4.0 m of the measuring line mileage
is similar to that before excavation and unchanged. As shown in Figure 12, when the
foundation pit was excavated to 15 m, the amplitude of the radar electromagnetic wave
at 0.84 m of the survey line mileage had two abnormal changes when it propagated
downward. The amplitude gradually increases with the increase in depth from 0.65 m to
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3.84 m, reaching the extreme value of about −27.48 m/ns, then gradually attenuates with
the increase of depth and continues to propagate downward as a horizontal wave until
12.8 m, then suddenly increases and reaches a peak again at 13.28 m, about 21.34 m/ns, and
then gradually attenuates and propagates downward as a horizontal wave. Compared with
the mileage of 0.84 m, the mileage of 4 m is still abrupt at 3.5 m–4.2 m and then fluctuates
horizontally within a certain range.
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Pit Excavation.



Sustainability 2023, 15, 506 13 of 21
Sustainability 2023, 14, x FOR PEER REVIEW 14 of 22 

 

0 2 4 6 8 10 12 14 16 18 20
-20

-10

0

10

20

W
av

e 
ve

lo
ci

ty
 a

m
pl

itu
de

Depth (m)

(2.96, 16.24)
(13.2800005, 13.94)

0 50 100 150 200 250 300 350 400
Time (ns)

 
(a) Mileage 0.84 m 

0 2 4 6 8 10 12 14 16 18 20
-30

-20

-10

0

10

20

30

W
av

e 
ve

lo
ci

ty
 a

m
pl

itu
de

Depth (m)

(2.64, 26.56)

0 50 100 150 200 250 300 350 400
Time (ns)

 
(b) Mileage 4.0 m 

Figure 11. Single-Signal Diagram of Group B Foundation Pit External Survey Line when the Foun-
dation Pit is Excavated for 8 m. 

Figure 11. Single-Signal Diagram of Group B Foundation Pit External Survey Line when the Founda-
tion Pit is Excavated for 8 m.
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The reason for the first abnormal mutation of amplitude in Figures 10–12 is that the
electromagnetic wave has a diffuse reflection when contacting the water line, which makes
the electromagnetic waves interact with each other, leading to an abnormal amplitude
change. The ending depth of this fluctuation is 3.84 m, which is the height of the groundwa-
ter level. The second abnormal change in Figures 11a and 12a is caused by the transmission
of the electromagnetic wave to the water-conducting fissure. The peak point of the abnor-
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mal change is 13.28 m, so it can be inferred that the depth of the leakage water center point
is 13.28 m. We have carried out verification on the site, and the depth is consistent with the
depth of the leakage hole observed on the site.

5. Analysis of Leakage Water Source

With the extension of the excavation depth of the foundation pit, the hydrogeological
conditions become more and more complex and leakage from the joint of the diaphragm
wall of the foundation pit occurs from time to time. It is one of the primary tasks to quickly
and accurately identify the source of seepage water after the occurrence of seepage. The
water-filling intensity of different water-filling sources is different; the treatment methods
are also different. Therefore, only by determining the source of leakage water at the joints
of the diaphragm wall of the foundation pit, can effective treatment measures be taken for
the leakage water. Research on the identification of the source of seepage water from the
diaphragm wall of the foundation pit is of great guiding significance for the treatment of
seepage water, the reduction of property losses, and the construction of subway stations
with similar engineering geological conditions and can also provide a scientific basis for
taking reasonable and effective water prevention measures (plugging, drainage, etc.).

5.1. Grey System Correlation Analysis

Grey system correlation analysis is an important part of grey system theory. The basic
principle of the grey system correlation analysis method is to measure the closeness of
factors according to the similarity of their development trend. The greater the similarity,
the closer the relationship between factors and the greater the correlation. The basic process
is to take the data series (comparison series and reference series) of the research object and
the difference under the same evaluation index as the basic basis, calculate the correlation
coefficients that can reflect the closeness between the main research object and its various
influencing factors, integrate the correlation coefficients into the correlation degree through
calculation, and then judge the influence degree of each influencing factor on the main
research object by comparing the magnitude of the correlation degree. The main steps
of the grey system correlation analysis method to calculate the correlation degree are as
follows [45]:

(1) The original data have different dimensions and represent different physical meanings.
In order to compare and analyze different quantities, it is necessary to make all number se-
quences for correlation degree analysis and calculation the same or dimensionless. Therefore, it
is necessary to average these series to make the new series comparable and equivalent. Average
them according to Equation (4) to make their original data dimensionless:

Xi
′(k) = Xi(k)/

(
1
8

8

∑
k=1

Xi(k)

)
(4)

(2) The absolute difference sequence ∆ij(k) of the sequence and the two-level differ-
ences ∆ij(k)min and ∆ij(k)max can be determined using Equation (5).

∆ij(k)min = minmin
∣∣Xi(k)− Xj(k)

∣∣
∆ij(k)max = maxmax

∣∣Xi(k)− Xj(k)
∣∣

∆ij(k) =
∣∣Xi(k)− Xj(k)

∣∣ (5)

(3) Calculate the correlation coefficient between the reference sequence and the com-
pared sequence using Equation (6).

ξij =
∆ij(k)min + ρ∆ij(k)max∣∣Xi(k)− Xj(k)

∣∣+ ρ∆ij(k)max
(6)

where ρ is the resolution coefficient, generally 0.5.
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(4) Correlation coefficient ξi(k) is the correlation degree value between the comparison
sequence and the reference sequence under various indicators. There is a lot of data and
information is too scattered to facilitate the overall comparison. Therefore, the average
value is processed when each correlation coefficient series is concentrated into one value,
which is called the correlation degree as the quantitative expression of the correlation
degree between the comparison series and the reference series, that is, the grey correlation
degree between the reference series and the comparison series is recorded as rij.

rij =
1
k

8

∑
k=1

ξij(k) (7)

The size of the correlation degree rij can reflect the correlation degree between the
parent sequence and sub-sequence. The greater the correlation degree is, the closer the
relationship. Generally, when the correlation degree is greater than or equal to 0.8, it
indicates that the correlation between the sub-sequence and the parent sequence is good;
when the correlation degree is between 0.6 and 0.8, the correlation is good; when the
correlation degree is less than 0.5, it indicates that the sub-sequence is not related to the
parent sequence.

5.2. Data Processing and Analysis

Through the ion test on the water samples taken from the construction site, K+, Na+,
Ca2+, Mg2+, HCO3

−, Cl−, SO4
2−, and pH are selected as the water quality indicators of the

seepage water source in the seepage water discrimination model. Water sample 1 refers to
the pumping and drainage water sample before the excavation of the foundation pit, and
water sample 2–9 refers to the water sample of nearby rivers. One water sample is taken
every 100 m of mileage section. Figure 13 shows the sample drawing of water pumping and
drainage collected at the construction site. Table 2 shows the main chemical composition
data of the water sample.
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Figure 13. Sample Drawing of Pumping and Drainage Water Collected on Site.

(1) In order to compare and analyze different quantities, the original data in Table 2 is
first unitized and processed using Equation (4). The results after processing are shown in
Table 3. Among them, No. 1 represents the parent sequence and No. 2–9 represents the
sub-sequence.



Sustainability 2023, 15, 506 17 of 21

Table 2. Main Chemical Composition Data of Water Samples.

Water Sample No. K+, Na+

(mg·L−1)
Ca2+

(mg·L−1)
Mg2+

(mg·L−1)
HCO3−

(mg·L−1)
Cl−

(mg·L−1)
SO42−

(mg·L−1)
pH

(mg·L−1)

1 86.44 3.89 4.65 15.24 67.94 9.37 7.09

2 65.05 8.65 9.29 19.53 45.17 4.10 6.90

3 78.81 7.88 8.32 17.59 35.91 8.48 7.89

4 87.95 4.56 8.49 17.72 45.99 7.09 7.22

5 86.56 9.62 9.82 12.10 47.67 4.11 7.01

6 81.37 7.57 8.26 13.20 49.23 3.49 7.31

7 70.94 9.46 8.60 14.49 52.17 5.09 7.74

8 75.88 6.17 9.95 18.76 50.87 4.17 7.27

9 58.48 8.60 7.32 19.20 39.04 5.09 7.87

Table 3. Result Data after Data Unitization.

Water Sample No. K+, Na+

(mg·L−1)
Ca2+

(mg·L−1)
Mg2+

(mg·L−1)
HCO3−

(mg·L−1)
Cl−

(mg·L−1)
SO42−

(mg·L−1)
pH

(mg·L−1)

1 3.11 0.14 0.17 0.55 2.44 0.34 0.26

2 2.87 0.38 0.41 0.86 1.99 0.18 0.30

3 3.35 0.33 0.35 0.75 1.52 0.36 0.33

4 3.44 0.18 0.33 0.69 1.80 0.28 0.28

5 3.43 0.38 0.39 0.48 1.89 0.16 0.28

6 3.34 0.31 0.34 0.54 2.02 0.14 0.30

7 2.95 0.39 0.36 0.60 2.17 0.21 0.32

8 3.07 0.25 0.40 0.76 2.06 0.17 0.29

9 2.81 0.41 0.35 0.92 1.88 0.24 0.38

(2) Use Equation (5) to calculate the average sequence’s absolute difference and get
the result after the absolute difference, as shown in Table 4.

Table 4. Data Results after Sub-sequence Absolute Difference.

Water Sample No. K+, Na+

(mg·L−1)
Ca2+

(mg·L−1)
Mg2+

(mg·L−1)
HCO3−

(mg·L−1)
Cl−

(mg·L−1)
SO42−

(mg·L−1)
pH

(mg·L−1)

2 0.24 0.24 0.24 0.31 0.45 0.16 0.05

3 0.24 0.19 0.19 0.20 0.92 0.02 0.08

4 0.33 0.04 0.16 0.14 0.65 0.06 0.03

5 0.32 0.24 0.22 0.07 0.56 0.17 0.02

6 0.23 0.17 0.17 0.01 0.42 0.19 0.05

7 0.16 0.25 0.19 0.05 0.28 0.13 0.07

8 0.04 0.11 0.24 0.21 0.39 0.17 0.04

9 0.30 0.27 0.18 0.37 0.57 0.09 0.12

From the table, ∆ij(k)min = 0, ∆ij(k)max =2.03.
(3) Calculate the correlation coefficient between each sequence element and the cor-

responding reference sequence element. Use Equation (6) to calculate the correlation
coefficient, where ρ = 0.5, the calculation results are shown in Table 5 below.



Sustainability 2023, 15, 506 18 of 21

Table 5. Correlation coefficient of sub-sequence and parent sequence.

Water Sample No. K+, Na+

(mg·L−1)
Ca2+

(mg·L−1)
Mg2+

(mg·L−1)
HCO3−

(mg·L−1)
Cl−

(mg·L−1)
SO42−

(mg·L−1)
pH

(mg·L−1)

2 0.67 0.66 0.66 0.60 0.51 0.76 0.91

3 0.67 0.71 0.72 0.71 0.34 0.96 0.86

4 0.59 0.93 0.75 0.77 0.42 0.90 0.96

5 0.60 0.66 0.68 0.88 0.46 0.73 0.97

6 0.67 0.74 0.74 1.00 0.53 0.71 0.92

7 0.75 0.65 0.72 0.91 0.63 0.80 0.88

8 0.93 0.82 0.67 0.69 0.55 0.74 0.93

9 0.61 0.64 0.72 0.56 0.45 0.84 0.80

(4) Calculate the grey correlation degree. Use Equation (7) to calculate the correlation
degree. See Table 6 for the calculation results of the grey correlation between the reference
sequence (No. 1) and comparison sequence (No. 2–9).

Table 6. Correlation between sub-sequence and parent sequence.

Water Sample No. 2 3 4 5 6 7 8 9

Relevancy 0.68 0.71 0.76 0.71 0.76 0.76 0.76 0.66

It can be seen based on the final calculation analysis of the results that the correlation
degree between water sample is 2–9 and the foundation pit pumping and drainage is
0.66–0.76. This is small and indicates that the leakage water at the joint of the underground
diaphragm wall of the subway foundation pit is not connected with the rivers around the
foundation pit. Therefore, it is confirmed that the construction of the subway station has
not been affected by the groundwater resources around the station.

6. Conclusions

The main conclusions of the research are as follows:
(1) During the excavation of the foundation pit, within the effective detection range

it was found that when the foundation pit was excavated to 8 m, the geological radar
map showed a triangle-shaped abnormal area within the measuring line mileage. When
the foundation pit was excavated to 15 m, the abnormal area further expanded, resulting
in water leakage within the measuring line range of Group B and the abnormal area
was determined.

(2) The curve of the average wave velocity amplitude of electromagnetic wave velocity
with mileage in different mileages in each group of data was analyzed. It was found that
during the excavation of the foundation pit, within the mileage range of 0.65 m–0.9 m of the
Group B survey line, the average value of electromagnetic wave amplitude has an abnormal
fluctuation value greater than twice the average value and the corresponding mileage of the
peak point of the abnormal fluctuation is 0.84 m. After excavation, it is confirmed that the
underground diaphragm wall has water leakage and the lateral deviation of the position is
less than 0.35 m, so the mileage of water leakage in the abnormal area is determined.

(3) By analyzing the single channel signal graph during the excavation of the foun-
dation pit, it is found that the electromagnetic wave at the place where the average wave
velocity amplitude fluctuates abnormally has two sudden changes when propagating
downward and the sudden change is greater than twice the average value, which is located
at depths of 3.0–4.0 m and 12.5–13.5 m. After excavation, it is confirmed that there is
water leakage at the buried depth of the diaphragm wall at 13.0–13.3 m, which is basically
consistent with the prediction results of radar detection technology.
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(4) It is proposed to introduce the grey correlation analysis while analyzing the source
of the leakage water at the joints of the diaphragm wall of the subway foundation pit. The
research results show that the leakage water at the joints of the diaphragm wall of the
subway foundation pit is not connected with the rivers around the foundation pit, which
confirms that the construction of the subway station has not affected the groundwater
resources around the station.

(5) In future research, we will study the characteristics of water resource migration
during foundation pit excavation in combination with geotechnical seepage mechanics,
CT scanning, and electrical water exploration technology and build a multi-physical field
model of "stress-current-seepage" under the disturbance of foundation pit excavation based
on the characterization of ground penetrating radar technology.
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