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Abstract: Loess tunnels often undergo large-scale deformation with complex spatial and temporal
distribution. Mastering the characteristics of spatial and temporal deformation is conducive to precise
policy implementation and the control of large deformation of the tunnel. In this study, relying on
the Yulinzi Tunnel in Gansu Province, China, based on 3D laser scanning technology, the tunnel was
monitored for a short period of 24 h and a long period of 36 days. The refined characteristics of the
temporal and spatial deformation of the representative points of the interrupted surface, the tunnel
face, and the excavation mileage during the excavation process of the three-bench and seven-step
method of the tunnel were analyzed. The results show that the tunnel’s arch has large deformation,
and there is twisting deformation. The distribution of the overall deformation of the tunnel is
related to the excavation sequence, showing a stepped deformation law. With the construction of the
following excavation process, the deformation rate of the tunnel always indicates the characteristics
of significant in the early stage and small in the later stage, and the overall deformation changes
with time in accordance with the distribution law of the exponential function. The research results
provide a reference for predicting the deformation development trend of loess tunnels and providing
reasonable deformation control methods.

Keywords: tunnel engineering; loess tunnel; large deformation; 3D laser scanning; deformation
characteristics

1. Introduction

With the rapid development of highways and railways in various regions of the world,
the number of loess tunnels has increased. More and more problems are exposed in the
design, construction, operation, and maintenance of loess tunnels. Large deformation is
expected, and the resulting rock collapse and structural cracking account for most of the
damage [1,2]. Loess tunnels are extremely complex special soil tunnels. Researchers have
carried out a lot of scientific research on the problem of large deformation and studied their
deformation law in time and space.

Lai Jinxing [3], Zhao Dongping [4], and Bizjak et al. [5] used loess tunnels to track and
monitor the deformation of multiple sections of the tunnel during the excavation process.
The results show that a certain degree of overall subsidence occurs in the arch after tunnel
excavation. The subsidence of the tunnel vault is more significant than the convergence
in the horizontal direction. The study by Lu Junfu et al. [6] showed that the surrounding
rock of a large-section deep-buried loess tunnel conforms to the spatial distribution law of
slow deformation rate of the surrounding rock at the top of the arch and faster deformation
rate of the surrounding rock at the sidewall. Through on-site monitoring and numerical
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simulation, Galli [7] and LI et al. [8] revealed the complex displacement characteristics
of loess tunnels under different excavation steps during the construction process of the
“sequential excavation method” [9]. Kontogianni [10,11] et al. monitored and analyzed
the deformation of the tunnel during the excavation process by geodetic survey, and the
results showed that the uncontrolled deformation of certain “weak” sections propagated
bidirectionally to adjacent, previously stabilized sections producing a “chain effect”. Qiao
Chunsheng et al. [12] studied the time law of the deformation of water-saturated loess
tunnels. They concluded that the deformation of the surrounding rock in the early stage
after the tunnel excavation develops rapidly, and it is supposed that the deformation of the
surrounding rock will tend to be stable until the tunnel face leaves a distance of 35-40 m. On
the basis of similar monitoring and analysis methods, Gu [13] and Cao et al. [14] divided
the deformation of the tunnel into three stages: rapid deformation stage, continuous
deformation stage, and slow growth stage. In addition, the variation characteristics of
which function the surrounding rock conforms to overtime mainly focus on two aspects:
logarithmic function and exponential function.

It can be seen from the above studies that the characteristics and mechanisms of the
large deformation of loess tunnels are extremely complex. That is not only related to the
complexity of the loess tunnel itself but also related to the backward monitoring methods
and insufficient data on loess tunnel deformation. Most tunnel deformation monitoring still
uses a level or total station to observe specific points at intervals. This kind of method is
carried out by surveyors setting up instruments in the tunnel for observation, which has the
characteristics of high environmental requirements, a small number of measuring points,
slow data collection, and high safety risks, and cannot accurately obtain the spatiotemporal
evolution law of tunnel deformation [15]. Three-dimensional laser scanning is automatic
measurement equipment and technology that has emerged in recent years. It can quickly
acquire massive point cloud data with a long measurement distance and low environmental
requirements. It is applied to slope stability analysis, the geometric capture of bridges, and
deformation monitoring of tunnels by relevant researchers, and good monitoring results
are obtained [16-18].

To adapt to different monitoring environments, different excavation methods, and
different section characteristics, the current application research of 3D laser scanning
mainly focuses on two aspects. First, for different monitoring environments, some scholars
combine digital images [19], traditional TPS/GPS [20], and other related technologies based
on 3D laser scanning technology to achieve fast, flexible, and efficient geometry acquisition
and deformation monitoring. Since the original point cloud collected by TLS cannot show
the tunnel deformation, Xie [21] developed a new 3D modeling algorithm to measure and
visualize the tunnel settlement, segment dislocation, and cross-section convergence. Walton
and Delaloye [22] discussed terrestrial LIDAR scanning for the deformation mapping of a
surface and cross-sectional closure measurements within an active tunnel using an elliptical
fit to data for profile analysis, which ultimately improves monitoring accuracy in fine areas
of large-diameter tunnels. Based on the research of Walton [22], Jiang [23] proposed a
three-dimensional deformation reconstruction technology method of roadways based on
an ellipse fitting algorithm, coordinate transformation, and Multi-scale Model-to-Model
Cloud Comparison (M3C2) algorithm and applied this technology to a certain time and
space deformation analysis of mine roadways. Based on discussing the adaptability of
lidar scanning deformation monitoring in irregular geometry excavation, Walton [24]
analyzed and discussed the applicable scopes of the global fitting algorithm and the local
averaging algorithm.

For this reason, it is not difficult to find that these studies basically focus on the research
of point cloud data processing and related algorithms extracted from 3D scanning to obtain
high-density, high-precision, and highly automated measurement results. Undoubtedly,
the results of these studies have improved the adaptability of 3D laser scanning for the
deformation monitoring of tunnel deployment under complex conditions. However, it is
worth noting that the analysis of tunnel deformation data after 3D laser scanning application
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is still not comprehensive enough, especially for loess tunnels with large deformation and
complex deformation characteristics. More attention should be paid to the field application
of 3D laser scanning and later data processing. In order to study the temporal and spatial
distribution of deformation of loess tunnels finely and understand the characteristics and
mechanisms of deformation of loess tunnels, an experimental study was carried out in
this paper combined with the Yulinzi Tunnel of Tianyong Expressway in Gansu Province,
which can be used as a reference for similar projects and related research.

2. Engineering Backgrounding

The Yulinzi Tunnel is located in Qingyang City, Gansu Province, China. It is a typ-
ical loess tunnel in the Longdong area with a maximum buried depth of 112.35 m. The
hydrogeological exploration of the tunnel shows that the tunnel body passes through the
Quaternary Middle Pleistocene (Q?.y) Lishi loess with multiple layers of paleosol. The
physical and mechanical indicators are shown in Table 1. The loess exposed at the inlet
and outlet ends developed vertical joints, locally grown irregular extensional joints, and
wide fissures. The groundwater in the tunnel site is loose rock pore water, atmospheric
precipitation is the primary source of recharge, pores and vertical joints are the main runoff
channels, and the maximum natural water content in the soil is 20.4%. Figure 1 is the
schematic diagram of the geological section of the Yulinzi Tunnel, and Figure 2 is the
distribution area of groundwater in the longitudinal section.

Table 1. Statistical table of physical and mechanical indicators of loess in the Quaternary Upper
Pleistocene (Q%;)-

Statistics Natural Water Natural Void Liquid Plastic Plasticity Liquid Cohesion Internal Compression
Proiect Content Density Ratio Limit Limit Index Index onesio Friction Angle Modulus
) W (%) (g/m®) ™ Wi (%) Wp (%) Ip 1l ¢ (kPa) ©) (Mpa)
Mg‘;ﬁl“é‘m 6.30 1.05 0.83 27.50 17.20 10.30 ~1.07 12.90 26.90 231
Mi’:ﬁ‘;‘m 11.20 1.65 1.78 30.70 18.60 12.10 —0.60 20.20 29.20 16.59
Ajsfjege 7.95 145 1.04 28.76 17.72 10.90 —~0.89 15.55 28.05 9.65
gtar.‘df“d 1.35 0.13 0.22 1.00 043 0.59 0.13 2.65 1.15 426
eviation
Coefficient 0.17 0.09 0.21 0.03 0.02 0.05 —0.14 0.17 0.04 0.44
of variation

Start mileage YK279+505 End MileageYK281+490
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Figure 1. Geological section of Yulinzi Tunnel.

After excavating the Yulinzi Tunnel, the exposed loess stratum is consistent with the
design, but the groundwater is abundant. After each excavation cycle, the soil on the face
of the tunnel was initially dry, and then the water content gradually increased. The initial
support surface gradually developed into seepage, dripping water, and local gushing water.
The loess obviously softens when exposed to water, and the bearing capacity decreases
rapidly, resulting in the initial support deformation much larger than the design value. The
cumulative deformation of the shallow buried section of the tunnel is mostly 400-600 mm,
and the deeply buried section is mostly 800-1000 mm. The large settlement of the tunnel
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induces a series of problems such as cracks in the initial support shotcrete, distortion of the
steel support, and exposure of the large pipe shed. In addition, just above the centerline
of the tunnel (YK280+596.8), a landslide penetrated the surface, forming a subsidence pit
with a diameter of about 20 m (Figure 3), which brought great hidden dangers to the tunnel
construction management. The deformation curves of some mileage sections of the tunnel
and the corresponding large deformation control measures can be seen in the figures below
(Figures 4 and 5).
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Figure 2. Groundwater distribution area in longitudinal section of tunnel.
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Figure 3. Problems caused by large deformation of tunnel.
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Figure 4. Deformation curves and control measures for the part of the mileage of the left line of
the tunnel.
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Figure 5. Deformation curves and control measures for the part of the mileage of the right line of
the tunnel.

The test monitoring mileage section is the water-rich section, and the water content
measured by the on-site in situ test is 19.2%. After excavation, there is a relatively serious
water seepage phenomenon, and the soil body is seriously softened. Preliminary mon-
itoring shows that this section has a large deformation, and there are serious potential
safety hazards. Therefore, 3D laser scanning will be carried out on this mileage section to
strengthen deformation monitoring in the later stage.

The Yulinzi Tunnel is supported by composite lining, whose initial support is com-
posed of an I-beam, steel mesh, and shotcrete. The initial support cancels the system
anchor rod and strengthens the foot-locking steel pipe. The secondary lining is made of
reinforced concrete. The tunnel is excavated using the construction method of three-bench
and seven-step (Figure 6), in which the tunnel face is divided into the upper, middle, and
lower three benches for a total of seven different excavation faces for excavation. The seven
excavation faces are supported step by step.
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Figure 6. Construction steps in the tunnel.

3. Three-Dimensional Laser Scanning Technology and Application Scheme
3.1. Fundamentals of 3D Laser Scanning

Three-dimensional laser scanning technology can capture the geometric information
of the object from the light reflected from the object’s surface. During the measurement, the
instrument actively acquires and stores the point cloud data of the tunnel entity, mainly
including the 3D coordinates of the scanned entity, laser reflection intensity information,
color information, and rich image information. The use of 3D laser scanning technology
can actively, non-contact, and quickly acquire massive spatial point cloud data to obtain
a 3D solid model of the tunnel space, as well as real-time, dynamic, and omnidirectional
deformation characteristics of the tunnel section.

The scanning ranging of the tunnel section by the scanner is roughly divided into two
processes. First, the scanner calculates the distance S between the two points by calculating
the travel time of the laser light between the emission point (point O in Figure 7) and the
object reflection point (point M in Figure 7) through the built-in laser rangefinder (as shown
in the following formula [23]).

Cxt
-= M
where s is the distance between the laser emission point of the scanner and the reflection
point of the object (m), c is the speed of the laser (m/s), and ¢ is the time (s) that the laser
has elapsed from emission to reception.

S
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Y

Figure 7. Schematic diagram of monitoring point coordinate calculation.

Secondly, the scanner simultaneously records the horizontal rotation angle 6 and
vertical rotation angle w of the instrument in the process of ranging and calculates the
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relative coordinates of the monitoring point as shown in the following figure according to
Formula (2) [23].
Xm = Scosw cosB
Yym = Scoswsinf (2)
Zy = Ssinw

3.2. Three-Dimensional Laser Scanning Equipment

The Yulinzi Tunnel test section uses a Trimble SX10 scanner from Trimble, USA.
The instrument integrates a 3D laser scanner, a total high-end station, and close-range
photogrammetry technology, and no additional operation with a total station is required. It
has a point cloud collection efficiency of 26,600 points per second and a maximum scanning
distance of 600 m. The use of improved Trimble VISION technology allows for the quick
and easy acquisition of high-resolution site imagery and is less susceptible to environmental
disturbances. Post data and image processing are fully integrated with Trimble Access and
Trimble Business Center (TBC). Compared with the conventional monitoring methods of
tunnels, the instrument is more suitable for monitoring applications of tunnels in the test
section. Table 2 compare the monitoring technology between 3D laser scanning technology
and conventional monitoring methods. The main scanning technical parameters of the
Trimble SX10 scanner are shown in Table 3.

Table 2. Comparison of monitoring technologies.

Project

The Monitoring Scheme of This Trial Common Monitoring Schemes

Monitoring instruments

Trimble SX10 scanner Level/Total Station

The layout of measuring points

Full cross-section monitoring; More
intensive monitoring points

Fixed measuring points;
Fewer measuring points

Monitoring frequency

Low, depending on the distance between
the measuring section and the excavation
surface and the displacement rate

Short-term high frequency;
Long-term low frequency

Speed of data collection Fast Slow

Monitoring process safety risks Low High

Table 3. Main technical parameters of Trimble SX10 Scanner.

Scanning Performance

Project Parameter

Scanning principle

Band scanning using a rotating prism in the telescope

Measurement rate

26.6 kHz

Point spacing

6.25 mm, 12.5 mm, 25 mm, or 50 mm @ 50 m

Field-of-view

360° x 300°

General Scanning specifications
Coarse scan: full dome—360° x 300° (horizontal

angle x vertical angle); Density—1 mrad, 50 mm
spacing @ 50 m

Scan time: 12 min

Standard scan: area scan—90° x 45° (horizontal
angle x vertical angle); Density—0.5 mrad, 25
mm spacing @ 50 m

Scan time: 6 min

Ultra-high-speed time-of-flight powered by Trimble

Range principle Lightning technology
Range 0.9 m-600 m
Range Measurement Range noise @ 50 m on 18-90% reflectivity, 1.5 mm
Scanning Angular Accuracy 5”7 (1.5 mgon)
3D position Accuracy @ 100 m® 2.5 mm
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3.3. On-Site Monitoring Scheme

In order to obtain the development process of tunnel deformation in a short time
and long time and the distribution law in space, the following three aspects of work were
carried out in this field monitoring:

(1) Perform a static scan on the shape of the initial support of the four openings on the
left and right lines of the Yulinzi Tunnel;

(2) The deformation of the initial support at the typical mileage section at the entrance of
the right line of the tunnel is selected for 24 h short-time dynamic tracking scanning,
and the monitoring time is 0 h, 2 h, 4 h, 20 h, and 24 h, respectively;

(3) In the long-term excavation cycle, the dynamic tracking and scanning of the entire
initial support deformation in the excavation mileage are carried out for a long time.

The excavation status of the monitored mileage is shown in Figure 8.

198 203 208 214
|
Spandrel 4 2
Vsl s e T e b e, . T i .| i e 1, o 2061
face
Spandrel— 5 3
195 200 205 212
>~

Excavation orientation

Figure 8. The excavation status of the monitored mileage.

3.4. Internal and External Process of 3D Laser Scanning
3.4.1. External Process

The first is the selection of the station. Taking advantage of the long scanning distance
of the SX10, the station is set up on a known point based on the existing control points
in the tunnel. Since the data point density of the 3D laser scanner will decrease rapidly
with the increase of the incident angle, the accuracy of the laser scanning result will be
reduced. In order to ensure the accuracy of the data, the measurement point should
be selected as a control point with a certain distance from the scanning position and
stable geological conditions. After that, adjust the gear setting, and through the real-time
image transmission on the controller screen, take a polygonal method to roughly scan the
surrounding rock conditions in the mileage near the face. The hoop scanning density is
1 mrad, the longitudinal spacing is 50 mm, and the maximum scanning distance is set to
30 m. In such a scanning cycle, multiple repeated scans will be performed, and the time of
each scan is 12 min, and the overlapping parts of the data segments can complement each
other after each scan, thereby improving the accuracy of the point cloud data.

3.4.2. Internal Process

Perform technical processing on the obtained tunnel 3D scanning point cloud data
(Figure 9). The first step is to register the point cloud data obtained at the same measurement
time, which is a necessary step to obtain a complete tunnel point cloud dataset. Each station
will input the geodetic coordinate points of the station in the instrument before scanning to
unify the coordinate values of the point cloud data. Since the known control points are used
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to set up the station, the coordinates of the measuring points are easy to obtain, and then
the overall point cloud of the tunnel is obtained by splicing local point clouds. The second
step is to filter the interfering point cloud data. During the monitoring process of the tunnel,
there are construction machinery, tools and equipment, and staff in the scanning monitoring
section, which will generate some interference points unrelated to the scanning section.
The existence of these points will affect the monitoring and calculation of deformation.
In order to ensure the accuracy of the monitoring results, the large-volume interference
data in the point cloud will be manually filtered. For minor interference points, use the
Trimble Business Center tunnel module to make the design data into a simple tunnel design
model, and then import the actual scanned point cloud and filter the noise. This module
can also compare with the design model and output the analysis report of over and under
excavation of any section that the user can customize and edit. The final step is to extract
the tunnel section coordinate data. Based on the statistical principle, the statistical average
value of the point cloud data of a certain surface around the required analysis point is
extracted, and the deformation value of the point is obtained after processing.

Set up site

n

3D laser scanning External
process
@
Get point
cloud data

(=

g

Point cloud

registration
Eliminate
interference points
@ Internal
process

Get section data

L

Obtain
deformation data

Figure 9. Three-dimensional laser scanning and data processing flow.

4. Analysis of Deformation Characteristics of Loess Tunnel
4.1. Spatiotemporal Deformation Characteristics of Each Monitoring Area in a Short Time

In loess tunnels with fast deformation development and complex deformation charac-
teristics, it is necessary for on-site personnel to quickly follow up deformation monitoring
to take timely measures to prevent danger. To this end, based on the three-dimensional
laser scanning monitoring technology, the monitoring frequency is increased, and more
refined monitoring and analysis of the deformation of each area of the tunnel is carried out.

4.1.1. The Spatiotemporal Evolution Law of Deformation of Initial Support in the
Scanning Section

The dynamic tracking scanning section for the initial support deformation in this
test is the section from YK280+195 to YK280+214 at the entrance of the right line of the
tunnel, with a total length of 19 m. Comparing the results of the second to fifth scans
with the result of the first scan, the deformation value of the initial support of the tunnel
within 24 h of the test section and the evolution process of the deformation with time is
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obtained. The deformation values in the range of 4 m on the left and right of the vault are
selected for analysis, and then the deformation contour map of the tunnel vault is obtained.
Finally, a three-dimensional deformation map reflecting the deformation is produced by
the surfer software (Figure 10). The area delineated by the dotted line in the figure is the
range corresponding to the construction step, and the deformation of each construction
step range can be visually compared.

It can be analyzed from the figure that the deformation law of the tunnel is distributed
asymmetrically from the same mileage section. The deformation value on the left side
is generally larger than that on the right side, which is consistent with the fact that the
left side of the actual construction sequence is excavated earlier than the right side. The
existence of such distortion and deformation poses certain risks to the tunnel’s safety. In
actual engineering, it can be considered to reverse the left and right construction steps of
the lower steps to balance the deformation amount. In addition, while maintaining the
same construction sequence, the site can also consider using supporting means such as
strengthening the strength of the locking foot bolt of the left step to adjust the deforma-
tion amount to ensure that the overall deformation of the tunnel presents asymmetrical
distribution law.
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Figure 10. Cont.
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Figure 10. Isoline and 3D deformation map of tunnel deformation (Monitoring time: (a). 2 h; (b). 4 h;
(c). 20 h; (d). 24 h).

Judging from the total deformation of different construction parts in 24 h, the defor-
mation value near the tunnel face is the largest, and the maximum value reaches 130 mm.
The excavation and monitoring of the upper steps are the key parts in the monitoring and
measurement of large deformation of the tunnel. It can also be analyzed that the maximum
deformation of the arch around the tunnel face is on the right side, not at the top of the
arch, so it is necessary to strengthen the monitoring of this area.

From the perspective of the overall deformation distribution of the tunnel, the range
of the step phenomenon in the deformation change basically corresponds to the range
of the actual construction step sequence. The construction process at this time can be
judged by observing the deformation changes of each step range in the three-dimensional
deformation map. From the monitoring results, the deformation around the tunnel face
is the largest, followed by the left-middle step. It can be inferred that the excavation and
support of the upper step and the left-middle step are being carried out in the tunnel during
the monitoring period, which is consistent with the actual situation.
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4.1.2. The Key Area of Tunnel Deformation Monitoring—The Spatiotemporal Evolution
Law of the Initial Support Deformation of the Tunnel Face

From the above analysis, it can be concluded that the deformation rate around the
tunnel face is the largest during the entire excavation process, which is the key area in the
monitoring process.

Figure 11 is a three-dimensional subsidence diagram of the periphery of the tunnel
face. According to the actual situation on-site, the excavation work of the upper steps is
being carried out at the tunnel face during the scanning period of 24 h. By comparing and
analyzing the scanning results of the initial support deformation of the upper step of the
tunnel face, the section mileage is YK280+213.6, and the evolution diagram of the initial
support deformation, as shown in Figure 12, is obtained. In order to quantitatively analyze
the time change law of the initial support deformation of YK280+213.6 mileage, three
representative points of the vault, the left spandrel and the right spandrel in the section
are selected, and the deformation evolution diagram of each point at different scanning
times is drawn as shown in Figure 13. In Figures 12 and 13, the difference between the

initial support shape curves of the section at each monitoring time represents the amount
of deformation at each time.
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Figure 13. Evolution diagram of deformation amount at each representative point.

From this analysis, it can be concluded that with the excavation of the upper steps
of the tunnel, the surrounding rock begins to deform, and the displacement of the entire
section develops in the direction of the free surface, that is, converges to the center of
the tunnel. After the excavation of the upper steps, the deformation law of the left and
right sides of the entire initial support is relatively symmetrical. The deformation of the
spandrels on both sides is larger than that of the vault, and the deformation of the bottom
of the excavation face restricted by the lower rock and soil is relatively small. The total
24 h deformation of the three representative points and the entire section show that the
section has the largest cumulative deformation between the vault and the right spandrel,
whose deformation amount is 130 mm. In addition, it can be seen from the figure that in
the early stage of the excavation of the upper step, the deformation rate of the surrounding
rock was relatively large. However, with the implementation of the initial support in this
part, the deformation rate of the entire surrounding rock-initial support system gradually
decreased and finally approached stability in this excavation sequence. However, this
result is limited to this excavation sequence. From the analysis later, it can be known that
during the excavation of other steps in this section, the initial support of the upper step
will produce stepped deformation. Similarly, the deformation of other tunnel areas can be
monitored and analyzed.

4.1.3. Spatiotemporal Deformation Characteristics of Representative Points of
the Cross-Section

Three-dimensional laser scanning obtains the point cloud data of the whole section.
Still, the deformation changes of some representative points, such as vaults and spandrels,
are often concerned in the deformation analysis process. These points can reflect the
dynamic information of the stress and deformation of the surrounding rock and supporting
structure to monitor the stable state and deformation characteristics of the cavern and
provide a basis for analyzing the reliability of the surrounding rock and supporting system.
Therefore, on the basis of the above research, the spatiotemporal deformation characteristics
of the representative points of each section within a certain mileage of the tunnel face
are analyzed.

(1) Deformation of the vault

Figure 14 show the change of the vault deformation along the longitudinal direction
of the tunnel within 24 h of the monitoring mileage. It can be analyzed from the figure that
the deformation of the tunnel vault within 24 h decreases with the increase of the distance
from the face, and the deformation near the tunnel face changes most significantly, which
is the key area in construction monitoring. After a certain distance from the tunnel face, the
difference in the deformation change in each monitoring is relatively stable, indicating that
the deformation is slowing down. Compared with the results of 3D laser scanning, there
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are fewer monitoring measuring points arranged when monitoring the total deformation of
the vault in 24 h by the conventional method. According to the routine monitoring results,
the change of the vault deformation is easy to be misjudged as the law of continuous linear
increases with the advancing direction of the tunnel. However, the 3D laser scanning results
show that the vault deformation actually presents a step-like decline. Such misjudgments
will increase construction risks.
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Figure 14. Longitudinal distribution of total deformation of the vault at right line entrance in 24 h.

(2) Deformation of left and right spandrels of the tunnel

Figures 15 and 16 reflect the variation of the subsidence of the left and right spandrels
along the longitudinal direction of the tunnel within 24 h of the monitoring mileage. The
deformation of these two positions is related to the convergence of the tunnel circumference.
It can be seen from the figure that the deformation law of the left and right spandrels is
similar to that of the vault. The deformation of the right spandrel around the face is larger
than that of the left spandrel, and there is distortion. The three-stage descending of the
deformation of these representative points is also confirmed by the three-stage excavation
method of the tunnel. Compared with the total deformation of the spandrels around 24 h
monitored by the conventional method, the 3D laser scanning has more measuring points
and more monitoring sections, which can better reflect the overall deformation trend of the
left and right spandrels.
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Figure 15. Longitudinal distribution of total deformation of the left spandrel at right line entrance in 24 h.
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Figure 16. Longitudinal distribution of total deformation of the right spandrel at right line entrance
in 24 h.

4.2. Analysis of Scanning Results for Long-Term Initial Support Deformation

From 6 December 2019 to 10 January 2020, a 36-day laser scan was performed on the
entire tunnel excavation interval to monitor the spatiotemporal evolution of the initial
support deformation of the tunnel during the excavation process.

4.2.1. Spatial Evolution Law of Initial Support Deformation in the Excavation Stage

During the entire monitoring period, the 3D laser scanning results of the initial support
deformation of the excavation mileage were extracted every 2 to 3 days. From the upper
step of the YK280+212 mileage section excavated on December 7th to the end of the upper
part of the YK280+242 mileage section excavated on January 9th, the spatial distribution of
the initial support deformation in the mileage from YK280+212 to YK280+242 are shown in
Figure 17.
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Figure 17. Distribution of initial support deformation curve of the tunnel with different
scanning times.

It can be seen from the figure that with the continuous advancement of the face, the
overall low-mileage deformation is large, and the high-mileage deformation is small. Com-
pared with the high-mileage section, the low-mileage section is excavated earlier, making
the initial support bear the surrounding loess load for a longer time, so the accumulated
deformation is larger.
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From the scanning results from 24 December to 9 January of the following year, when
the excavation reaches the mileage of YK280+242, the closer to the excavation surface,
the sparser the deformation curve of the initial support. The farther from the excavation
surface, the denser the deformation curve of the initial support at each time. The density
of the deformation curve shows that the deformation of the initial support near the face
develops faster. However, with the increase in the distance between the section and the
tunnel face, the development rate of the initial support is also decreasing. In addition, it
can also be seen from the figure that when the distance between the monitoring section and
the excavation surface exceeds 26 m, the deformation of the initial support grows slowly
and begins to stabilize.

4.2.2. Time Evolution Law of Initial Support Deformation in the Excavation Stage

Three representative sections of YK280+212, YK280+216, and YK280+220 were selected
for analysis, and the subsidence of the vault in the point cloud data was drawn as a scatter
diagram. In order to study the time deformation law of loess tunnels, regression analysis
was carried out on the time deformation characteristics of the vault subsidence in the three
sections according to the point cloud data results. The selected regression function [3] is:

p=A—Be (©)]

where i is the deformation (mm), ¢ is the time (d), and A, B, and C are the regression
coefficients.

The results of the deformation regression analysis are shown in Table 3. According to
Table 4, the regression curve of the vault subsidence amount with time and the curve of the
corresponding deformation rate with time distribution are made, as shown in Figures 18-20.

Table 4. Deformation regression analysis results.

Regression Analysis 30 d Deformation Predicted Value of Final Regression Function Correlation
Project Measured Value (mm) Deformation (mm) & Coefficient
The subsidence of the _ —0.09391¢
vault of YK2804212 535.9 567.72 i =567.72 — 616.45¢ 0.9506
The subsidence of the _ —0.07323t
vault of YK2804216 513.0 592.36 u = 592.36 — 622.83¢ 0.9690
The subsidence of the _ —0.08628t
vault of YK2804220 480.9 518.24 p = 518.24 — 534.78¢ 0.9786
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Figure 18. Deformation analysis diagram of the vault of the YK280+212 section of the tunnel.
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Figure 19. Deformation analysis diagram of the vault of the YK280+216 section of the tunnel.
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Figure 20. Deformation analysis diagram of the vault of the YK280+220 section of the tunnel.

From the deformation regression analysis results of the long-term scanning data in
Table 4, it can be seen that the correlation coefficients of each regression function are
all greater than 0.95, which indicates that the change of the vault deformation of the
three selected sections with time conforms to the change law of the exponential function.
The exponential function is a bounded function that can be used to predict the final
deformation of the surrounding rock vault shown in Table 4. By comparing and analyzing
the measured value of the subsidence of the vault in 30 days and the predicted value of the
final subsidence, although the subsidence of each section of the vault within 30 days tends
to be stable, there will be different degrees of increase in the future. In actual engineering,
the slowly increasing deformation of the vault in the later stage must not be ignored. In
addition, the application of the regression function also provides a certain reference for the
design of the deformation reserve in the early stage of excavation.
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Figures 18-20 show that the tunnel’s initial support deformation and deformation
rate are closely related to the excavation sequence and time. After each step of excavation,
the subsidence of the vault will show the characteristics of rapid deformation in the early
stage and a gradual decrease in the deformation rate in the later stage. During the whole
monitoring period, the overall trend of the tunnel deformation rate gradually decreased
and finally stabilized.

There are three stages of characteristics for the overall deformation of the section.
The first stage is the rapid growth stage. In this stage, the deformation increases rapidly
with the excavation sequence, and the deformation accounts for about 70-80% of the total
deformation. The duration of deformation is related to the progress of the excavation
and generally ends 3-5 days after the excavation of the core soil of the lower step. The
deformation characteristics of this stage require that we do advance support measures and
do quick excavation, quick support, and quick closure during construction to control the
occurrence of large deformation as soon as possible. The second stage is the continuous
growth stage. The deformation of this stage continues to grow slowly with time, and
the deformation accounts for about 20-30% of the total deformation. In the case of fast
excavation and fast support, the deformation growth continued to the time of the invert’s
excavation and support. At this stage, the excavation support and backfilling of the inverted
arch should be carried out as soon as possible to reduce the duration of the successive
growth stage. The third stage is the slow growth stage. The deformation is still growing
slowly, and the secondary lining should be applied as soon as possible.

5. Conclusions

A large number of engineering practices have shown that large-scale deformations
with complex spatial and temporal distributions often occur in loess tunnels. Based on
3D laser scanning technology, this paper reveals the refined characteristics of loess tunnel
deformation. According to the monitoring analysis results, the following conclusions can
be drawn:

(1) The deformation of loess tunnels has the characteristics of rapid mutation, continuous
development, and complex distribution. The monitoring of 3D laser scanning technol-
ogy has the characteristics of real-time, fast, and dynamic exchange, which solves the
problems of less measurement point data, slow data acquisition, and incomplete mon-
itoring data under conventional monitoring methods, which is of great significance
for analyzing the deformation characteristics of loess tunnels;

(2) Different from the current application form of 3D laser scanning technology;, it is
no longer limited to the scanning frequency of once a day and adopts the form of
short-term high frequency and long-term low frequency to focus on monitoring and
analyzing the refined characteristics of the overall deformation of the tunnel after
each construction process. The results show that in the construction process of three-
bench and seven-step excavation methods, with the different excavation processes,
differential deformation occurs on the left and right sides of the tunnel, and then
certain distortion occurs, which may cause potential safety hazards. In the actual
project, it can be considered to adjust the construction steps on the left and right
sides or strengthen the supporting means, such as strengthening the locking anchor
bolt on the side with a larger deformation, to ensure the coordination of the overall
deformation of the tunnel. In addition, from the perspective of the deformation
distribution in the mileage near the tunnel face, the general deformation distribution
of the tunnel strongly correlates with the excavation process, showing a stepped
deformation law;

(3) From the long-term monitoring results of the loess tunnel section, the deformation
rate of the initial support is mainly related to the excavation sequence and time. With
the construction of the following excavation process, the deformation rate of the
tunnel will always show the characteristics of large in the early stage and small in
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the later stage. During the whole monitoring period, the overall trend of the tunnel
deformation rate gradually decreased and finally stabilized;

(4) The monitoring data analysis results further verified that the variation of the loess
tunnel deformation with time conforms to the distribution law of the exponential
function. This characteristic can be used in practical engineering to predict the final
deformation of surrounding rock at each position and provide a certain reference for
the design of subsequent deformation reserves outside the specification.
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