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Featured Application: Accurate exploration and safety control of karst caves in subway construction.

Abstract: A large number of subway projects need to cross all kinds of disaster sources during the
construction process. When a disaster source is unknown and uncertain, it is difficult for tunnel
stability analysis to conform to the actual situation, which is likely to cause serious geological disasters.
Firstly, the accurate location of the source of the disaster is realized via the geophysical method,
and the orientation of the target is determined. Secondly, real imaging of the geological disaster
source is realized using fine three-dimensional scanning equipment. Finally, the coupling law of
the seepage field, displacement field, and stress field of the tunnel surrounding rock are analyzed.
The stability of the tunnel is analyzed, and the reasonable karst treatment method is put forward.

Keywords: disaster source; geophysical method; orientation of the target; reasonable karst treatment
method

1. Introduction

The distribution area of karst in China is 3.65 million square kilometers, accounting for more
than one-third of the territory. Karst is most developed in the Southern provinces of Guizhou, Hunan,
Jiangxi, Sichuan, Yunnan, and Hubei, and in the Northern provinces of Hebei, Shandong, and Liaoning.
Additionally, many karst development areas are distributed in metro construction cities, such as Jinan
Metro, which needs to pass through hard rock water-rich caves [1], Wuhan Metro, which needs to
pass through “honeycomb caves”, Changsha Metro, which needs to pass through complex underwater
caves, and so on. In the soluble strata, limestone may contain limestone fragments and fissures locally
(Figure 1). The existence of limestone fissures provides water storage conditions and transportation
channels for groundwater [2]. Caves of different sizes, shapes, and buried depths are formed due to the
dissolution and erosion of groundwater [3]. If these caves are not accurately identified, the following
risks are likely to occur:

1. Shield machine pitch, jamming or water inrush (Figure 2);

2. Karst cave collapse above the tunnel leading to the surface collapse;

3. During the operation period, vehicle vibration causing surface collapse or karst cave collapse
under the segment, which leads to risks in train operation;

4.  Theexistence of karst water leading to the continuous development of karst caves, which threatens
the long-term operation of the metro.
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Figure 2. Water inrush from shield tunnel. (a) front of the tunnel; (b) inside the tunnel.

In the aspect of karst detection, a large number of geophysical methods (including electrical,
electromagnetic, elastic wave, and microgravity) have emerged [4-13]. However, the geological
conditions in the karst area are complex, and it is difficult to accurately investigate the underground
conditions by a single geophysical method [14,15]. With the advancement of geophysical methods and
interpretation techniques, great achievements have been made in karst exploration [16]. More successful
detection cases demonstrate that comprehensive detection method can effectively reduce the uncertainty
and reduce the error interpretation results when exploring the underground karst structure. However,
geophysical prospecting methods can only locate karst caves, which is difficult to quantify. Borehole
laser scanning technology is a method to get the point cloud data of the three-dimensional surface of
the inner wall of the cavity by extending the probe with integrated laser scanning function into the
cavity. Its principle is the same as that of the standing laser scanner, but its greatest advantage is the
miniaturization of the laser probe, which can adapt to various narrow channels and space and get data
deep into the rock mass [17,18]. At present, drilling laser technology is mainly used in the goaf of coal
mine, but it is not combined with geophysical prospecting methods, which leads to the problem of
blind drilling. Therefore, this paper synthetically determines the karst development area by means
of various geophysical prospecting. Targeted drilling and quantitative exploration of karst cave by
drilling laser are carried out.
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2. Quantitative Exploration Method of Karst Cave Based on Three-Dimensional Laser Measurement

2.1. 3-D Automatic Laser Scanning Technology

Three-dimensional automatic laser scanning technology uses laser diodes to emit laser pulses.
Laser pulses propagate to the target point under testing [19]. The photosensitive secondary tube
receives laser signals reflected from the surface of the object. The “flight time” of the laser is calculated.
The distance L between the scanner and the target point under testing is calculated by the speed of
light C and the “flight time” At. A precision clock control encoder synchronously measures transverse
scanning angle observation value alpha and longitudinal scanning angle observation value beta of
each laser pulse. Laser scanning three-dimensional measurement uses the internal coordinate system
of the instrument. The X-axis is in the transverse scanning plane, the Y-axis is perpendicular to the
X-axis in the transverse scanning plane, and the Z-axis is perpendicular to the transverse scanning
plane (Figure 3). The formula for calculating the coordinates of three-dimensional laser foot points can
be obtained as follows:

1
L= EcAt (1)
X Lcosfcosa
y ¢ =14 Lcosfsina )
z Lsinf

In the formula, C is the propagation speed of the laser in the atmosphere, At is the round-trip
propagation time of the laser at the distance to be measured, « is the observation value of the transverse
scanning angle, and f is the observation value of the longitudinal scanning angle.
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Figure 3. Schema of propagation time ranging method and internal coordinate system of laser detector.
(a) schema of propagation time ranging method; (b) the internal coordinate system of laser detector.

The automatic laser scanning system of the empty area is mainly divided into horizontal scanning
mode and vertical scanning mode.

e  Horizontal scanning mode: The most commonly used scanning mode. First, the scanning head
rotates vertically to the position of vertical angle 0° (the upper part of the detector is straight)
and begins the first round of complete 360° horizontal scanning. After each circle of horizontal
scanning, the scanning head increases the increment of steps set by the user along the vertical
direction and starts the next circle of horizontal scanning until the vertical axis rotates 180° in
the vertical direction. During the last horizontal scan of the scanner head, the laser emission and
receiving lens of the scanner head point in front of the detector (Figure 4).

e  Vertical scanning mode: Vertical scanning is suitable for scanning under some special conditions.
Especially, the scanning line obtained is perpendicular to the horizontal characteristics of the
scanning object so that more details that are comprehensive can be captured. As shown in the
figure, in the vertical scanning process, the scanning head first rotates from vertical angle position
0 (the vertical direction behind the detector) to vertical angle position 180° (the laser-transmitting
and -receiving lens of the scanning head points in front of the detector) along the vertical direction
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and completes the first vertical scanning. After each vertical scan, the scanning head increases
a user-set increment along the horizontal direction and starts the next vertical scan until the
horizontal axis rotates 360 degrees in the horizontal direction (Figure 5).

Figure 5. Vertical scanning mode.

2.2. Data Processing of Laser Point Cloud

After obtaining the original point cloud data via a laser three-dimensional measurement system,
it is necessary to filter, stitch, and model the original point cloud data. Specifically, as follows:

Data filtering: Due to the influence of external environmental factors and the uneven reflection
characteristics of the empty area wall during the scanning process, the final scanned point cloud
data contain no distance points and bad points. At the same time, the rapid operation of a laser
range finder during scanning will also lead to the phenomenon of an “intermediate medium point” in
different phases of the laser beam, resulting in point displacement. For this reason, point cloud data
are processed by filtering out single obvious bad points in scanning.

Firstly, according to the fixed space range of the working area, the point beyond this range can be
considered as noise point filtering. Secondly, on the same scanning plane, if the distance between a
point and its adjacent two points exceeds a certain trusted value, the point is considered distortion
point filtering. However, considering the point of edge, because it is far from the scanning center,
the distance between sampling points is very large. At this time, the angle between the combining
point and the front and back points on the scanning line is considered as a distortion point if the angle
between them is less than a certain confidence value (Figure 6).
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Figure 6. Distortion points on scanning line.

Data mosaic: Because the laser travels along a straight line, some areas will not be detected
accurately if occlusion or obstruction occurs during the scanning process. Therefore, in order to detect
the actual boundary of the airspace as accurately as possible, it is very important to select a reasonable
detection location. For the complex shape of the empty area, we should try to carry out multi-point
detection and then splice the point data obtained by multiple detection scans to form an area completely
void of point cloud data. The essence of the data mosaic is to compute the rotation and translation
transformation matrix R, T, which satisfies the following objective functions:

fR,T) =min ) [Rep; +T =] 3)

where, p; and g; are point clouds that need to be aligned, and the upper formula is a highly nonlinear
problem. The research of the data mosaic focuses on finding a fast and effective solution to this problem.

Because the point coordinates of the point cloud data obtained by each scan are relative to the
coordinate system of the scan, the three-dimensional coordinates of the points obtained by different
scanning times (different locations or angles of view) are in different coordinate systems. Therefore,
we must try to put the three-dimensional point cloud data acquired by multiple scans into a common
coordinate system, to obtain the complete three-dimensional point data in the empty space. This process
is called a multi-point scanning data mosaic. The principle is shown in Figure 7.
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Figure 7. Mosaic of multi-point scanning data.

Specific cases are as follows: Boreholes #1 and #2 are selected to detect a karst cave twice, and the
original point clouds detected by two boreholes are obtained through detection. The original point
cloud data of borehole #1 are filtered as shown in Figure 8a, and those of borehole #2 are filtered as
shown in Figure 8b. In each detection process, the borehole coordinates and initial azimuth angle are
recorded. In the process below the probe, the system software automatically records the changes of
depth, azimuth, and dip angle below and then splices the two detected data in the software to make
the same detection point position coincide completely. The 3-D point cloud model of the karst cave
formed by the splicing of boreholes #1 and #2 are shown in Figure 8c,d. The “point cloud creating



Appl. Sci. 2019, 9, 2588 60f 17

entity” of “entity modeling” is used to automatically construct the three-dimensional figure contour of
the cave and generate the three-dimensional entity model of the cave (Figure 8).
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Figure 8. Construction of three-dimensional real model of karst cave. (a) Primitive point cloud
of borehole #1; (b) Primitive point cloud of borehole #2; (c) Point cloud after splicing borehole #1;
(d) Point cloud after splicing borehole #2; (e) Point cloud model after splicing boreholes #1 and #2;
(f) Three-dimensional solid model of karst cave.
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3. General Situation of Engineering Geology and Location and Quantitative Exploration Method
of Jinan Metro’s Karst Cave

Traffic congestion in Jinan ranks first in the country all year round, and it is urgent to build the
subway. Jinan Metro proposed the planning of the urban core area express line (R line) and the central
city general line (M line). The express line consists of three lines: R1, R2, and R3. The central city’s
general line includes 7 lines, the loop line and the M1 to M6 lines, forming a “loop + radiation” line
network structure. In 2015, the R1 line of the first line of Jinan Metro officially started. Since then,
three lines in total have been started.

Jinan is also famous for its spring water. The origin of the spring water is mainly due to the
barrier of the northern impermeable magmatic rock in the process of the northward runoff of karst
water, and then the groundwater flows out in the limestone sky window under the large pressure of
the water head. Therefore, the construction of Jinan Metro needs to pass through a large number of
limestone formations with strong karst development. In order to ensure the rapid and safe construction
of the subway, it is very necessary to carry out meticulous exploration and treatment of karst caves in
karst areas.

3.1. General Situation of Engineering Geology

The length of the Wangfu village station to the Dayang village station on the R1 line of Jinan Metro
is about 2033 m. This subway section passes through the middle weathered-limestone development
area. The length of the left line tunnel through limestone is about 725 m, and the length of the right
line tunnel is about 798 m. Preliminary investigation data show that the uniaxial compressive strength
of moderately weathered limestone is 34.2-83.2 Mpa. The geological boreholes along the tunnel reveal
karst caves in the middle weathered-limestone section. The main source of groundwater is limestone
fracture karst water, which is the largest water area in the central and western parts of Jinan. The section
is a rich water area, where the water supply is large, and the groundwater is confined (Figure 9).
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0 (m) 100 200 300 400 500 600 700 S0 9200 1000
1.30+900 1314900

Figure 9. Geologic profile of the distance between the Wangfu village station and the Dayang
village station.

The hydrogeological map shows that the interval through the weathered-limestone section is the
largest water area in the central and western part of Jinan. The output of a single well of fractured
karst water is more than 10,000 m3/d, which indicates that this section is a water-rich area with large
water recharge and confined groundwater (Figure 10). The figure below shows one of the exposed
karst caves (Figure 11).
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Figure 10. Geologic profile of the distance between the Wangfu village station and the Dayang
village station.

Figure 11. Exposed water-bearing karst cave.

3.2. Location Exploration Method of Karst Cave

Table 1 mainly introduces six common geophysical methods under different detection principles.
Each of them has different characteristics.

In accordance with the characteristics of geophysical prospecting and the engineering geology of
the R1 line, the most suitable geophysical method was selected. First, the subway was built in the urban
area, where the surface soil is thicker. The seismic wave reflection method and the ground-penetrating
radar method lead to more disturbances. Therefore, these two methods are not applicable. Second,
because of the abundance of groundwater in the interval, the microgravity method is not applicable.
Third, the upper part of the subway line is a highway, and the high-density electrical method leads
to certain destructiveness on the road surface. Finally, the transient electromagnetic method is more
suitable for the comparison between the land sonar method and the transient electromagnetic method.
The principle of the transient electromagnetic method is that a pulsed magnetic field is transmitted to
the front of the working face using an ungrounded line. When the current in the transmission line
is abruptly disconnected, the two eddy fields will be excited to maintain the magnetic field (that is,
one field) before the disconnected current, the size, and attenuation of the two eddy current field
and the electricity of the surrounding medium. This is related to the electrical distribution of the
surrounding medium. The variation of the secondary field with time is observed during the first
field intermittence. After processing, the electric property, the scale, and the form of the underground
medium can be understood to achieve the aim of detecting the target.
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Table 1. The characteristics of different geophysical methods.

Prediction Method Characteristic

The detection accuracy is higher in the range of 20-200 m and the
detection effect is better for karst caves. However, the adaptability to thick
overburden soil is poor, and energy attenuation is faster.

The seismic wave reflection
method [20]

The prediction of medium and small caverns and fractured zones is

The land sonar method [21] effective, but the velocity of each layer cannot be accurately obtained.

No filling cavern or water-rich cavern with the obvious electrical

The high-density electrical difference with surrounding rock stratum is good. It can only be

method [22] qualitative but not quantitatively explored.
It is sensitive to large water-filled low-resistivity zones and has the ability
The transient electromagnetic to penetrate low-resistance coverage. The depth of detection is large.
method [23,24] However, the resolution of empty caves or dry-filling karst caves is not

enough, so it is difficult to distinguish.

In the high-resistivity area, the detection depth is 20-30 m and the
detection effect is good for karst caves and faults. However, it is easy to be
affected by the surface soil, and the detection depth is greatly reduced.

The ground-penetrating radar
method [25,26]

Under flat terrain, it is widely used in karst investigation. However,
The microgravity method [27] factors such as topography fluctuation, sediment thickness, and
fluctuation of diving surface are relatively large.

The main reason for choosing high-density resistivity method and transient electromagnetic
method for comprehensive detection is that the resistivity of underground rock is mainly influenced
by mineral composition, water content, and temperature of rock. These complex factors result in the
instability of rock resistivity and change in a large range. When there are fissures or fault zones in
underground rocks and water-rich rocks with water-conducting channels, the resistivity of natural
rocks located in these structural areas will be significantly reduced. There are obvious electrical
differences with surrounding strata. Previous geological survey and site exposure show that it has the
geological and physical basis of electrical detection. Each geophysical prospecting method has its own
advantages and disadvantages. It is often difficult to satisfy the requirement of detection accuracy by
using a single method. The combination of various geophysical methods can complement each other
and verify each other.

We have made a total of 500 meters of detection, from L30+900-L31+450. Figure 12b transient
electromagnetic (TEM) locations are from L30+900-L31+40 and L31+110-L31+290, totaling 500 m.
Five sets of high-density resistivity have been made, each of which is 100 m. Figure 12a shows the
third group, which is from L31+150-L31+250. By means of resistivity anomaly, areas with strong
karst development are detected. In these areas, we determined the locations of five boreholes, h1(110),
h2 (230), h3 (280), h4 (315), and h5 (350) in Figure 12b, respectively. From the results of core drilling,
it can be seen that all five boreholes encounter karst caves.
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Figure 12. Comprehensive interpretation diagram of the high-density resistivity method and transient
electromagnetic. (a) The result of high-density resistivity method; (b) The result of transient electromagnetic.

The core of each drill is shown in Figure 13.

Figure 13. Drilling core drawing. (a) Coring of hole h1; (b) Coring of hole h2; (c) Coring of hole h3;
(d) Coring of hole h4; (e) Coring of hole h5.
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Using five target drilling points, through the improvement of exploration equipment and
exploration method, using panoramic probe sampling, combined with automatic ray compensation and
automatic positioning technology, the acquisition of geological images in a borehole dark environment
was achieved. Long distance accurate detection and real imaging of disaster sources such as karst cave
were realized by 3D laser scanning (MDL, Edinburgh, Scotland).

The characteristics of 3D laser scanning (Figure 14) are as follows: (1) Rapidity: The spatial
information of the karst cave can be obtained quickly, and the coordinate information of the karst
cave surface can be measured in time. (2) Non-contact: We can scan the targets in a non-contact way.
(3) Penetration: Under the water cut condition of the cave, it can cross the water body and reach the
target surface. (4) Real-time, dynamic, and active: The target information is obtained by the reflection of
light emitted by itself. It cannot be constrained by time and space, and the beam is quasi-parallel light,
which avoids the inherent optical distortion error of conventional optical measurement. (5) High density
and high precision: Laser scanning obtains target characteristics in a high-density and high-precision way.
The laser point cloud is composed of point position coordinate data. Using a large lattice and a certain
density grid to describe the entity information, the target information can be described more accurately.

Three-dimensional laser scanning devices are placed in five boreholes, as shown in Figure 15.
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Figure 14. Laser scanning equipment and operation interface. (a,b) Laser scanning equipment;
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Figure 15. Karst cave distribution map.
3.3. Three-Dimensional Model of Karst Cave

h1 measured a cave about 1 m high at about 19.1 m underground, with a volume of about 2 cubic
meters. The three-dimensional model of the cave is shown in Figure 16.
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Figure 16. The three-dimensional model of the cave (h1).

h2 measured a cave about 1.5 m high at about 21 m underground, with a volume of about 3 cubic
meters. The three-dimensional model of the cave is shown in Figure 17.

Figure 17. The three-dimensional model of the cave (h2).

h3 measured the beaded cave at about 19-22.5 m from the ground, with a volume of about 3.44
and 3.6 cubic meters, respectively. The three-dimensional model of the cave is shown in Figure 18.

Figure 18. The three-dimensional model of the cave (h3).

h4 measured the cavern at about 2.8-20.5 m from the ground, with a volume of about 9 cubic
meters. The three-dimensional model of the cave is shown in Figure 19.
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Figure 19. The three-dimensional model of the cave (h4).

h5 measured caves at about 16-21.5 m from the ground with a volume of about 2.1-2.7 cubic
meters. The three-dimensional model of the cave is shown in Figure 20.

Figure 20. The three-dimensional model of the cave (h5).

The volume of each cave is shown in Table 2.

Table 2. The volume of each cave.

Drill Hole Limestone Cave Volume (m3)
h2 ‘ 3.89
h3
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Table 2. Cont.

Drill Hole Limestone Cave Volume (m?3)
h4 ’ 3.84
h5 - 37
‘ 3.29

At the same time, the high-definition camera function was mounted on the laser three-dimensional
detection system. The results are shown in Figure 21.

b 3

C-ALS Cavity Scanner C-ALS Cavity Scanner

Figure 21. Intra-hole photography.

4. Treatment of Karst Cave

During the construction of metro, it is easy to cause the risk of ground subsidence. If there are
karst caves above the subway, the risk of ground collapse increases sharply. Therefore, the above karst
caves need to be harnessed. Sufficient safety distance should be ensured for karst caves under metro.
If the safety distance from the floor is too small, it is easy to cause the settlement of the subway tunnel.
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According to the design experience, it is necessary to treat the floor karst cave within twice the diameter of
the tunnel. For the karst caves on both sides of metro tunnel, the disturbance effect of shield excavation is
mainly considered. According to engineering experience, when shield machine is excavated, the influence
of karst caves beyond 5 m on both sides of the tunnel is small, only the karst caves within 5 m need
to be treated. Reserve special holes for karst treatment in the segment structure for newly discovered
karst caves during tunnel excavation and areas where settlement exceeds, or abnormality occurs in the
later stages of the tunnel. Supplementary drilling is carried out in every 10 annular segments along the
line, and the drilling depth is twice as far down as the tunnel bottom. According to the drilling results,
grouting filling is carried out at the tunnel bottom to ensure the safety of operation.

If a karst cave is found, it can be treated. For a karst cave whose diameter is less than 1 m,
the volume is smaller and the cement slurry needed for filling is less. Pressure grouting with 1:1
cement slurry is directly applied to non-filled and semi-filled karst caves whose height is not more than
1 m. For karst caves with a larger diameter, the volume required is larger. Sand blowing treatment
can be carried out first, and then grouting reinforcement can be carried out. The small void of sand
is conducive to cement deposition, reduces the diffusion of cement slurry in the range of ineffective
diffusion, and effectively reduces the filling cost while guaranteeing the strength.

Through the limestone section, the uniaxial saturated compressive strength of limestone lies in the
range of 34-83 MPa, the buried depth of the left tunnel is 14.7-25.4 m, and the buried depth of the right
tunnel is 14.7-25.2 m. The current maximum water level is 5.2 m below the ground, the anti-floating
waterproof level is 1.9 m below the ground, and the maximum water head height at the bottom of the
left and right tunnels is 23.5 m during the whole operation period. When the allowable opening of
segment joint is 6 mm, the elastic gasket can still resist water pressure of 0.8 MPa. Considering the high
strength of rocks, the development of karst and fractured zones, the abundant karst water, the difficult
control of tunneling posture during shield tunneling, and the difficulty in reaching the ideal state of
segment assembling quality, in order to improve the waterproofing ability of shield segments, flexible
seams with full rings are used in rock-piercing sections (Figure 22).
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Figure 22. Drawing of grouting borehole.
5. Conclusions

1.  The apparent resistivity of karst caves is higher than that of relatively intact strata. In a complex
urban environment, high-density electrical method and transient electromagnetic method have
high resolution for karst caves. Through the results of geophysical prospecting, targeted drilling
can be carried out to avoid blind drilling.
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2. The laser point cloud is composed of point position coordinate data. Using a large lattice and a
certain density grid to describe the entity information, the target information can be described
more accurately. Making full use of the target drill hole and fine scanning of the cave via a 3-D
automatic laser scanner, parameters such as the real shape and volume of the cave were obtained.

3. According to the construction experience and design principle, the treatment scope and method
of karst caves in different locations are determined. The karst caves above the metro must be
filled. The karst caves below the tunnel within twice the diameter need to be filled. The karst
caves within 5 m on both sides of the tunnel need to be filled. When the diameter of karst cave
is less than 1 m, it can be filled with cement slurry directly. When the diameter of karst cave is
larger than 1 m, it needs to be filled with sand before grouting.
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