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Abstract: Double-shield TBM is more efficient than shield tunnel construction in hard rock strata. It is
widely used in subway tunnel construction, such as in Qingdao and Chongqing in China. However,
construction vibration problems caused by double-shield TBM critically affect human comfort in
surface buildings. In order to study the vibration influence law of double-shield TBM, the on-site
monitoring plan of double-shield TBM is developed, relying on a tunnel section of Qingdao Metro
Line 4. Then, the vibration monitoring results are analyzed, and the time domain and frequency
domain characteristics of vibration acceleration are obtained. Subsequently, taking vibration peak
acceleration as the research object, the transverse and longitudinal vibration laws of double-shield
TBM construction are studied. Finally, according to the standard of human comfort in buildings, the
vibration influence ranges of double-shield TBM construction are obtained. The research results can
provide a reference for the vibration effect of double-shield TBM passing through houses, highways
and bridges. Moreover, it can also provide a basis for the disputes that double-shield TBM tunnel
construction affects the lives of inhabitants.

Keywords: tunnel; double-shield TBM; vibration monitoring; vibration influence range

1. Introduction

With the increase in urban areas and population, subways have become the most
convenient and environmentally friendly way to travel [1]. By the end of 2021, 50 cities
in China have opened subways, with a total operating mileage of 7305 km. What is more,
thousands of kilometers of the subway are under construction every year. The tunnel boring
machine (TBM) is more efficient than the shield machine in hard rock strata, especially the
double-shield TBM [2,3]. Double-shield TBM integrates the technical features of an open
TBM and shield machine; it can realize the simultaneous construction of tunnel excavation
and segment assembly [4]. In 2016, double-shield TBM in China was first applied to urban
subway construction, and it achieved great success in tunneling efficiency. Subsequently,
double-shield TBM is more and more widely used in urban subway construction, such
as in Qingdao and Chonggqing [5,6]. However, TBM inevitably passes through houses,
roads, bridges or adjacent tunnels when the tunnel is excavated underground. With the
popularization of double-shield TBM in urban subway tunnels, the vibration problems
caused by construction are worthy of attention [7,8].

At present, many scholars have performed lots of on-site vibration monitoring to
research the impact of tunnel excavation on existing tunnels [9,10], buildings [11,12] and
pipelines [13-15], etc. For example, Yu et al. [16] studied the impact of blasting construc-
tion on existing tunnels under different blasting schemes by on-site vibration monitoring
and analyzed the characteristics of vibration velocity under different excavation footage.
Vibration analysis is a key method for studying the dynamic characteristics of vibrating
bodies. Many scholars have also proposed some useful dynamic analysis methods [17,18].
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For example, Ahmad Reshad Noori et al. [19] introduced an efficient numerical procedure
to solve the dynamic response of functionally graded porous beams. Subsequently, the
dynamic response of functionally graded porous beams was studied for several boundary
and loading conditions. Moreover, there is a large amount of research on the aspect of
vibration attenuation and propagation [20-22]. For instance, Wang et al. [23] analyzed
the propagation characteristics and attenuation laws of blast-induced vibration in rock
tunnels and proposed a formula for calculating the peak particle velocity considering
diffraction and reflection amplification effects. Nevertheless, these studies mainly focus on
blast-induced vibration, and there are few studies on the vibration caused by double-shield
TBM construction. One of the important reasons is that double-shield TBM is generally
used in mine and water tunnels, not urban subway tunnels.

Compared with blast-induced vibration, the vibration caused by double-shield TBM
lasts longer, and the amplitude and frequency of vibration in tunnel construction are also
different from those in blast-induced vibration [24]. In terms of TBM tunnel construction
vibration, current studies have obtained some useful results. For example, Wu, F. et al. [25]
have developed a cutter-head vibration monitoring system for TBM tunneling and analyzed
the differences in amplitude and frequency of triaxial vibration on cutter-head vibration
characteristics. Wu, K. et al. [26] monitored segment vibration during TBM construction;
the main influence distance of segment vibration is 9 m. It can be seen that it is relatively
lacking in vibration influence law of double-shield TBM construction. Furthermore, studies,
at present, only consider the impact of double-shield TBM construction on the buildings
and ignore the impact on human comfort in the buildings.

This paper is devoted to studying the vibration characteristics and influence laws
of double-shield TBM in tunnel construction, determining the vibration influence range
of human comfort. First, relying on the Laozhang section in Qingdao Metro Line 4, the
double-shield TBM construction site vibration monitoring scheme was developed. Then,
vibration data for double-shield TBM tunnel excavation are obtained. Next, the vibration
characteristics and vibration influence range caused by double-shield TBM construction are
analyzed. Finally, the vibration influence range by double-shield TBM tunnel construction
is determined.

2. Case Description
2.1. Project Overview

The tunnels of the Laozhang section are constructed with two double-shield TBMs,
launching from the Station of Laoshan Science and Technology City and arriving at Zhang-
cun Station. The left tunnel is parallel to the right, which is in the form of a circular section.
The mileage of the tunnels is K18 + 033.281~K19 + 696.555. The length of the left tunnel
is 1675.624 m, and the right is 1663.274 m. Moreover, the tunnel lining is assembled with
six prefabricated segments. The width of each segment is 1.5 m, and the thickness is 0.3 m.
The inner diameter of the lining is 5.7 m after the segments are assembled.

The tunnel mainly passes through slightly weathered granite, with coarse sand and
gravel intrusion locally in the receiving terminal. The mixed formation of rock and soil is
a typical unfavorable geological area for double-shield TBM. According to the geological
survey at the receiving terminal, the overlying strata of the tunnel are plain fill, silty clay,
coarse sand, gravel, strongly weathered granite, and moderately weathered granite from
top to bottom. The geological profile of the receiving terminal is shown in Figure 1 [27].
Moreover, there is a river near this receiving terminal, and groundwater is abundant here.
The types of groundwater are mainly Quaternary pore water and bedrock fissure water,
among which Quaternary phreatic water recharges the bedrock fissure water downward.
According to the standard for engineering classification of rock mass (GBT 50218-2014) in
China [28], the surrounding rock of the receiving terminal is classified as grade IL
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Figure 1. Geological profile of the receiving terminal.

2.2. Introduction to Double-Shield TBM

The two double-shield TBMs are produced by the China Railway Construction Heavy
Industry Co., Ltd. (Changsha, China). As is shown in Figure 2, its main structure includes
a cutter-head, main bearing and drive components, front shield, telescopic shield, gripper
shield, tail shield, backup supporting equipment, etc. The length of the mainframe is
12 m, and the whole machine’s length is 167 m. In terms of this double-shield TBM’s
performance, the total maximum thrust is 24,000 KN, the rated torque is 2850 kN-m, the
maximum rotation speed is 9 rpm, and the maximum driving speed is 120 mm /min.

The cutter-head of double-shield TBM adopts an integral panel structure, the exca-
vation diameter of which is 6.31 m. The cutter-head shown in Figure 3 is equipped with
4 center cutters (#1-#8), 23 face cutters (#9—#31), and 12 gauge cutters (#32—#43). All of the
disc cutters are 19 inches, the diameters of which are 483 mm. At the same time, there are
also six buckets symmetrically distributed on the cutter-head so that the excavated slags
can be transferred to the belt conveyor in time.

Front Shield Telescopic Shield Gripper Shield Tail Shield

]

Figure 2. Mainframe of double-shield TBM (Reprinted with permission from Ref. [29]. 2018, Qingdao
Metro Line 4 Civil Engineering Zone 10 Project Manager Department.)
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Figure 3. Cutter-head of double-shield TBM (Reprinted with permission from Refs. [30,31].)

3. Monitoring Program
3.1. Plan of Vibration Monitoring

The vibration monitoring uses low-frequency vibration sensors (JX941) and a dynamic
signal acquisition instrument (HC-1000) provided by Anhui Hengxin Hongce Electronic
Technology Co., Ltd., (Hefei, China). By using passive closed-loop servo technology, the
vibration sensors have good low-frequency characteristics. At the same time, there is
an IPX8 waterproof steel cylinder outside the sensor, which can be used for vibration
monitoring in deep holes. The technical parameters of the vibration sensor are shown in
Table 1. This monitoring uses vibration sensors to pick up the acceleration of vibration
signals. First, the vibration signal is converted into an electrical signal in the sensors. Then,
the electrical signal is transmitted to a signal acquisition instrument through the cable.
After the signal is interpreted by the signal acquisition instrument, the monitoring data are
transmitted to the computer for viewing and storage. The principle of vibration monitoring
is shown in Figure 4.

Table 1. Technical parameters of the vibration sensor (JX941).

Physical Sensitivity =~ Measurement Pass Band (Hz) Output Load Resolution Size (mm)
Quantities (V/m/s?) Range (m/s?) Resistance (kQ2) Ratio (m/s?)
acceleration 0.3 0~20 0.2~80 1000 5x 1070 56 x 56 x 77

Vibralion sensors

L

Maonitoring point N

Monitoring point 02 o W
/ Signal acquisilion instrument Computer

Moniloring poini 03

Figure 4. The principle of vibration monitoring.



Appl. Sci. 2022,12,7727

50f17

The mileage number of DK19 + 678.5 is selected as the vibration monitoring section,
which is perpendicular to the axes of two tunnels. A total of nine sampling holes are
arranged in the monitoring section. Meanwhile, the sampling holes are named Z-1-Z-9
from right to left. Among them, Z-4 and Z-8 are located above the vaults of the right
and left tunnels, respectively. The spacing of each sampling hole is 0.5-1 times the tunnel
diameter. Except for Z-4 and Z-8, which have a depth of 17 m, the depths of other sampling
holes are 21 m.

There are three monitoring points arranged in each sampling hole. The three monitor-
ing points are located at a depth of 0, 10 m, and at the bottom of the sampling holes. The
measuring point layout of the vibration monitoring is shown in Figure 5. The sensors of
three monitoring points are named 01, 02, and 03 from top to bottom. Moreover, the sensor
of each measuring point can monitor three directions of X, Y, and Z. The X and Y-directions
are parallel to the tunnel axis and tunnel radial direction, respectively, and the Z-direction
is perpendicular to the horizontal direction. Therefore, there are a total of 27 sensors in the
vibration monitoring section.

3.15m3.15m 4.85m 4.85m 3.15m3.15m 6.3m 6.3m

Figure 5. Measuring point layout of vibration monitoring.

3.2. Installation of Vibration Sensors

At first, the positions of sampling holes Z-1 to Z-9 on the ground are determined
by using the total station. In order to prevent the collapse of the sampling holes, the
air drill is used to drill the sampling holes with an iron pipe. Then, a smaller-diameter
PVC pipe is put into the sampling hole to replace the iron pipe after drilling to the fixed
depth. Subsequently, the anti-collapse iron pipe is pulled out. It should be pointed out that
sampling hole Z-1 cannot be drilled due to site restrictions. Next, the sensors are installed
sequentially from bottom to top through a proprietary unloading rack. Before installing,
the performance of the sensors should be tested. Moreover, the three sensors in the same
sampling hole are fixedly connected by an aluminum rod. When all three sensors reach
their predetermined position, the compass is used to calibrate the sensor orientation. It can
be confirmed that the X-direction is parallel to the tunnel axis in this way. The sampling
holes are plugged with cement slurry after all sensors are installed. Finally, the cables
connecting the sensors and dynamic signal acquisition instrument are buried in the trench
to prevent damage during ground construction. The installation process of the sensors is
shown in Figure 6.
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Figure 6. Installation process of the sensors.

HXHC dynamic signal monitoring test analysis software (Version 11.7.0), which was
developed by Anhui Hengxin Hongce Electronic Technology Co., Ltd. (Hefei, China), is
installed on the computer connected to the dynamic signal acquisition instrument. By
using the software, the initial sensitivities of the sensors are set. The sampling frequency is
set to 128 Hz at the same time. What is more, the signal acquisition method is continuous
acquisition, and the data are saved hourly. This vibration monitoring uses the signal
acquisition instrument with 32 signal channels. According to the vibration monitoring
scheme, there are 72 vibration signals to be acquired in the entire monitoring section. Thus,
three signal acquisition instruments are required. For instance, signal channel 1-10 only
means that the vibration signal of this measuring point is collected by the tenth channel of
the first signal acquisition instrument. The signal channels corresponding to monitoring
points are shown in Table 2 below.

Table 2. Signal channels corresponding to monitoring points.

Sampling  Monitoring Signal Channels Sampling  Monitoring Signal Channels
Holes Points X Y Z Holes Points X Y Z
01 1-10 1-11 1-12 01 2-14 2-15 2-16
Z-2 02 1-13 1-14 1-15 Z-6 02 2-17 2-18 2-19
03 1-16 1-17 1-18 03 2-20 2-21 2-22
01 1-19 1-20 1-21 01 2-23 2-24 2-25
7-3 02 1-22 1-23 1-24 7-7 02 2-26 2-27 2-28
03 1-25 1-26 1-27 03 2-29 2-30 2-31
01 1-28 1-29 1-30 01 2-32 3-1 3-2
Z-4 02 1-31 1-32 2-1 Z-8 02 3-3 3-4 3-5
03 2-2 2-3 2-4 03 3-6 3-7 3-8
01 2-5 2-6 2-7 01 3-9 3-10 3-11
Z-5 02 2-8 2-9 2-10 Z-9 02 3-12 3-13 3-14
03 2-11 2-12 2-13 03 3-15 3-16 3-17

4. Analysis of Vibration Monitoring Results of Double-Shield TBM Construction

According to the construction situation on site, the right tunnel reaches the monitoring
section first. The vibration data generated by the right tunnel’s construction are selected to
study the time domain and frequency domain characteristics of the vibration signals when
the double-shield TBM reaches the monitoring section DK19 + 678.5.
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4.1. Time-Domain Analysis of Vibration Monitoring Results

When the double-shield TBM reached the monitoring section, it was advancing toward
the 1091st ring. In order to get the magnitude of construction vibration as realistic as
possible, the measuring point 03 of sampling hole Z-4 above the tunnel vault is selected to
analyze the time-domain characteristics of the double-shield TBM excavation. The X, Y, and
Z-directions of this monitoring point correspond to the signal channels 2-2, 2-3, and 2-3,
respectively. The time-domain curve of monitoring point Z-4 03 is shown in Figure 7 below.
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Figure 7. Time-domain curve of monitoring point Z-4 03.

Judging from the vibration acceleration amplitude in the X, Y, and Z-directions,
the peak value of the vibration acceleration in the Z-direction at the vibration source
is 207.60 mm/s2, the peak value of the Y-direction is 81.16 mm/ s2, and X-direction is
133.54 mm/s?. In other words, the vibration acceleration generated by double-shield
TBM construction is largest in the vertical direction and smallest in the radial direction of
the tunnel.

As seen from the above time-domain curves, the vibration acceleration value is about
1-2 mm/s2, from 0 to 1320 s and 3580 to 2608 s. At this time, the double-shield TBM is in a
non-excavating state. However, from 1032 to 3580 s, when the double-shield TBM is in an
excavating state, the vibration acceleration value increases first. Subsequently, it reaches a
steady state. After 3500 s, it rapidly reduces to the non-excavating vibration level. It can
clearly be seen that the vibration value of double-shield TBM in the excavating state is
100-150 times larger than that in the non-excavating state. That is to say, the vibration of
double-shield TBM construction is mainly caused by excavation. Moreover, the vibration
caused by the non-excavation construction process, including the operation of the muck
truck, segment assembly, etc., can be ignored.

From the time-domain curves of vibration acceleration in the excavating state, the
vibration caused by the double-shield TBM construction can be divided into three stages:
rising stage, stable stage, and falling stage. The vibration of the rising stage and falling
stage is synchronized with the rotation speed; it may be related to tunneling parameters.
Moreover, peak acceleration appears in the stable stage. Considering the most unfavorable
factor of vibration during double-shield TBM construction, the peak acceleration is taken
as the representative value of each ring excavation.

4.2. Frequency Analysis of Vibration Monitoring Results

The sampling hole Z-4 is located above the right tunnel vault, and the three measuring
points of Z-4 are selected for frequency analysis. Through the fast Fourier transform [32,33]
of the vibration data, the frequency spectrums of the three measuring points are obtained.
The three measuring points” frequency spectrums of sampling hole Z-4 are shown in
Figure 8.
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Figure 8. Frequency spectrums of sampling hole Z-4. (a) Measuring point 01; (b) Measuring point 02;

(c) Measuring point 03.

From Figure 8a, we can note that the peak of the amplitude spectrum is located at
15.72 Hz in the X-direction (Channel 1-28), the peak in the Y direction (Channel 1-29) is
32.13 Hz, and the Z-direction (Channel 1-30) is 19.92 Hz. Seeing the whole frequency range,
the vibration frequency of measuring point 01 is mainly distributed in 1040 Hz. However,
the obvious difference is that the frequency of measuring point 02 is distributed in 20-50 Hz,
and the amplitude spectrum peaks in the X, Y, and Z-directions are located at 40-50 Hz,
as seen in Figure 8b. As can be seen in Figure 8c, the frequency of measuring point 03 is
distributed in 10~-0 Hz. However, the frequency spectrums in the X, Y, and Z-directions
have no obvious peaks. In addition, it can be obtained that the vibration acceleration
amplitude increases with frequency. It is significantly different from the frequency in
medium and coarse sand and plain fill.
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Comparing the frequency spectrums in the X, Y, and Z-directions, it can be clearly seen
that spectrums in the same rock mass are basically approximate. Combined with the strata
where the measuring points are buried, we can obtain that the main vibration frequency of
the plain fill is 20-30 Hz, and the main frequency of medium and coarse sand is 40-50 Hz.

5. Research on Vibration Influence Range of Double-Shield TBM Construction
5.1. The Transverse Vibration Trend of Double-Shield TBM Construction

When the double-shield TBM reaches the monitoring section, the cutter-head is located
directly below the measuring points, and the vibration peak acceleration is relatively large.
Therefore, the vibration data at this time are selected to study the influence trend of double-
shield TBM construction in the transverse section. Through time-domain curve analysis,
the peak accelerations of all measuring points are obtained, as shown in Table 3 below.

Table 3. Peak accelerations of measuring points in the transverse section (unit: mm/s?).

Peak Accelerations Peak Accelerations

Sampling Monitoring Sampling Monitoring
Holes Points X Y V4 Holes Points X Y Z
01 56.55 38.68 57.80 01 86.59 92.59 65.23
z-2 02 126.01 79.71 90.26 Z-6 02 67.87 87.60 49.44
03 51.98 46.26 53.62 03 106.1 116.91 85.30
01 136.79 158.19 120.62 01 6291 55.63 32.70
Z-3 02 147.36 72.62 104.57 z-7 02 90.52 63.65 37.69
03 93.45 102.53 135.21 03 70.25 23.30 30.63
01 96.51 110.79 103.30 01 54.74 47.80 36.32
Z-4 02 167.8 122.97 172.68 Z-8 02 77.35 56.33 53.60
03 133.54 81.16 207.60 03 45.07 49.59 38.42
01 140.75 122.02 111.12 01 46.33 50.38 46.81
Z-5 02 128.97 64.41 132.59 Z9 02 82.44 52.27 36.83
03 121.19 121.61 168.50 03 43.92 38.52 26.32

As can be seen from Table 3, the maximum peak acceleration of the surface measur-
ing point 01 is 158.19 mm/s?, which occurs in sampling hole Z-3. The direction of the
maximum peak acceleration is the Y-direction, perpendicular to the tunnel axis. However,
in measuring point 02 with a depth of 10 m, the maximum peak acceleration is at sam-
pling hole Z-4, the value of which is 172.68 mm/s?. The difference is that the direction
of maximum peak acceleration is the Z-direction. Moreover, the peak acceleration of this
measuring point in the X-direction is second only to the Z-direction, the value of which
is 167.8 mm/s?. Similarly, when the buried depth of the measuring point is 20 m, the
maximum peak acceleration is 207.60 mm/s? in sampling hole Z-4, in the Z-direction. It
can be seen that the maximum peak acceleration mainly occurs in the vertical Z-direction
when double-shield TBM passes through the monitoring section.

According to the above results of vibration monitoring, the three groups of peak
acceleration curves with different burial depths are plotted as follows.

From Figure 9a, we can see that the peak acceleration in the X, Y, and Z-directions
are comparable, and the peak acceleration values of the sampling holes close to the tunnel
axis, for instance, Z-3, Z-4, and Z-5 are significantly larger than several other sampling
holes. Moreover, the farther measuring points are from the tunnel axis, the smaller the
peak acceleration. The same rule can also be obtained at measuring points with a depth
of 10 and 20 m, as shown in Figure 9b,c. However, there is a significant difference in peak
acceleration between the three different buried depths in the Z-direction. As shown in
Figure 9¢, the peak acceleration in the Z-direction is significantly larger than that in the X
and Y-directions when the sampling holes are close to the tunnel axis. As the buried depths
of measuring points become smaller, the peak accelerations in the Z-direction gradually
decrease. The reason is that the peak acceleration decays as it propagates from deep to
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shallow. Furthermore, in sampling holes far from the tunnel’s axis, such as Z-7, Z-8, and

Z-9, the peak accelerations are amplified in the sand at the buried depth of 10 m.
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Figure 9. Transverse influence trend with different buried depths. (a) 0 m depth; (b) 10 m depth;
(c) 20 m depth.
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5.2. The Longitudinal Vibration Trend of Double-Shield TBM Construction

To study the vibration influence trend caused by double-shield TBM construction in
the longitudinal section, the peak accelerations with a distance of —60, —50, —40, —30,
—20, —10, 0, and 10 m from the TBM cutter-head to the monitoring section are obtained. It
should be pointed out that the distance that the cutter-head does not reach in the monitoring
section is negative, and where the cutter-head passes through in the monitoring section is
positive. As mentioned before, this paper studies the vibration acceleration generated by
the right tunnel’s construction, and sampling hole Z-4 is located on the axis of the right
tunnel. What is more, it is the closest sampling hole to the cutter-head on the monitoring
section. Therefore, we select sampling hole Z-4 as a representative to study the longitudinal
vibration trend of double-shield TBM construction. Table 4 presents the peak accelerations
of sampling hole Z-4 with different longitudinal distances.

Table 4. Peak accelerations of sampling hole Z-4 (unit: mm/s?).

Buried Distance between Cutter-Head and Monitoring Section
Direction

Depth —60 m —50 m —40m —30m —20m —10m 0m 10 m
X 17.74 20.98 26.21 68.22 87.92 91.07 96.51 16.08
0m Y 17.38 22.66 24.20 55.25 66.33 106.08 110.79 13.85
V4 16.14 17.05 18.81 28.50 53.59 59.62 103.30 19.76
X 12.03 20.52 18.40 45.42 106.33 133.34 167.80 37.29
10 m Y 21.62 24.55 25.46 87.22 52.69 72.69 122.97 37.81
V4 13.46 9.71 9.24 32.08 29.34 58.71 172.68 26.29
X 9.19 11.17 10.77 24.92 28.61 87.16 133.54 18.40
20m Y 6.50 10.88 2.38 4.52 18.32 39.52 81.16 13.40
V4 9.91 11.98 8.72 20.68 26.16 42.04 207.60 16.48

As seen from the above table, the maximum peak acceleration in the X-direction
occurs at a depth of 10 m when the cutter-head is 0 m away from the monitoring section;
the maximum peak acceleration is 167.80 mm/ s2. At the same time, the maximum peak
acceleration in the Y-direction also reaches the maximum value at this measuring point,
the value of which is 122.97 mm/s2. Unlike this, in the Z-direction, the maximum peak
acceleration is located at a depth of 20 m, in the measuring point that is the closest to the
cutting face.

Comparing the monitoring results at different distances, we can see that the maximum
peak acceleration of all the measuring points occurs at 0 m, regardless of the burial depth
and direction. That is, when the double-shield TBM cutter-head crosses the monitoring
section, the vibration peak accelerations reach maximum values. After the cutter-head
passes through the monitoring section, the peak acceleration decreases rapidly. The reason
is that there is a cavity between the double-shield TBM and the surrounding rock, which
has a shock absorption effect to a certain extent.

The vibration monitoring results of different longitudinal distances from the cutter-
head to the monitoring section are arranged according to the buried depth, as shown in
Figure 10 below.

According to Figure 10a, we can obtain that the peak acceleration increases first and
then decreases over the period when the cutter-head is 60 m away from the monitoring
section to 10 m passing through the monitoring section. Among them, the peak acceleration
reaches the maximum when the cutter-head reaches the monitoring section. After passing
through the monitoring section, the acceleration peak decreases rapidly. It is worth noting
that we can also get this rule from Figure 10b,c. The reason is that after the double-shield
TBM passes through the monitoring section, there is a cavity between the TBM shield and
the surrounding rock, which plays a certain role in shock absorption. What is more, the
increase in peak acceleration is generally small when the distance between the cutter-head
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and monitoring section is from 60 to 40 m. When this distance is less than 40 m, the increase

in peak acceleration is more obvious.
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Figure 10. Longitudinal influence trend with different buried depths. (a) 0 m depth; (b) 10 m depth;

(c) 20 m depth.

Comparing the measuring points at 0 and 10 m depths, the peak acceleration at a depth
of 20 m is smaller at —40-—20 m. It can be seen that the peak acceleration decreases with
the increase in burial depth when the cutter-head is —40-—20 m away from the monitoring
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section. When the distance is less than 10 m, the peak acceleration changes the most in the
Z-direction, and the deeper the measuring point is buried, the greater the increase in the
peak acceleration in the Z-direction.

5.3. Vibration Influence Range of Double-Shield TBM Construction

In this paper, the vibration influence range generated by the double-shield TBM con-
struction is studied by taking vibration on human comfort in surface buildings as an index.
According to the Technical Standard for Human Comfort of the Floor Vibration (JGJ/T
441-2019) in China [34], the impact of vibration on human comfort is mainly considered
in the Z-direction. Based on walking excitation, the peak acceleration of a floor structure,
such as an operating room in a hospital, cannot exceed 25 mm/s?. The peak acceleration
of residential houses, office buildings, classrooms, hotels, etc., cannot exceed 50 mm/ 2.
Moreover, the peak acceleration limit of shopping malls, cinemas, restaurants, etc., is
150 mm/s2.

Therefore, the peak accelerations in the Z-direction of measuring points at a 0-m depth
are selected to study the transverse influence range of vibration acceleration. About the
longitudinal influence range, taking the maximum peak acceleration in the Z-direction of
surface measuring point Z-3 01 as the object, the relationship between the peak acceleration
and the distance from the cutter-head to the monitoring section is analyzed. We can obtain a
transverse and longitudinal influence range of peak acceleration, as shown in Figure 11a,b.
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Figure 11. Vibration influence range of double-shield TBM construction. (a) Transverse influence
range; (b) Longitudinal influence range.
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As is shown in Figure 11a, in terms of the transverse influence range, the special
sensitive areas with lower-specified vibration limits, such as hospital operating rooms, will
be affected by the double-shield TBM construction, which is within 17 m from the tunnel
axis. For residential houses, office buildings, classrooms, hotels, etc., human comfort in
buildings within 10 m of the tunnel axis is affected. If it exceeds 10 m, the vibration that
people can perceive is weak, and it can be considered that human comfort is not affected
by TBM construction. In addition, the maximum peak acceleration generated by TBM
construction in the Z-direction on the surface is 120.62 mm/s2, as shown in Figure 11a. It
does not exceed the limits of human comfort within shopping malls, cinemas, restaurants,
etc. Therefore, we believe that human comfort is not affected in these buildings.

We can see from Figure 11b that the peak acceleration begins to exceed 25 mm/s?
when the cutter-head reaches 38 m before the monitoring section. Similarly, when the
cutter-head reaches 29 m before the monitoring section, the peak acceleration exceeds
limits for residential houses, office buildings, classrooms, hotels, etc. From the maximum
peak acceleration, it does not exceed the peak acceleration limit of 150 mm/s?. This
means that in the longitudinal range, the double-shield TBM construction will not have an
impact on human comfort in shopping malls, cinemas, restaurants, etc. After the double-
shield TBM passes through the monitoring section by 8 m, the peak acceleration drops to
50 mm/s?. Subsequently, the peak acceleration drops to 25 mm/s? after passing through
the monitoring section by 10 m. The vibration influence range of the double-shield TBM
construction is shown in Table 5.

Table 5. The vibration influence range of double-shield TBM construction.

Buildine Tvpe Influence Range in Front Influence Range behind Influence Range on Both
u 8 yp of Cutter-Head (m) the Cutter-Head (m) Sides of Tunnel Axis (m)
Operating rooms 38 10 17
Residential houses, office buildings,
29 8 10
classrooms, hotels, etc.
Shopping malls, cinemas, No effect No effect No effect

restaurants, etc.

That is to say, the vibration influence range of double-shield TBM construction in
hospital operating rooms is 38 m in front of the cutter-head, 10 m behind the cutter-head,
and 17 m on both sides of the tunnel’s axis. For residential houses and office buildings,
the vibration influence range is 29 m in front of the cutter-head, 8 m behind the cutter-
head, and 10 m on both sides of the tunnel’s axis. Furthermore, the vibration generated
by double-shield TBM construction has no effect on human comfort in shopping malls,
cinemas, restaurants, etc.

6. Conclusions

Relying on the tunnel construction section of the double-shield TBM in Qingdao Metro
Line 4, the construction vibration caused by the double-shield TBM has been monitored
and analyzed. Subsequently, the transverse and longitudinal influence trend of peak
acceleration has been studied. Finally, the vibration influence range of the double-shield
TBM construction that affects human comfort is obtained. The conclusions are summarized
as follows:

(1) The vibration caused by double-shield TBM construction mainly occurs in the excava-
tion stage. The time-domain curves of the vibration acceleration can be divided into
three stages: rising stage, stable stage, and falling stage; the peak acceleration mainly
occurs in the stable stage.

(2) The vibration frequencies in the X, Y, and Z-directions at the same depth are relatively
close. The main vibration frequency of the plain fill is 20-30 Hz, and the medium and
coarse sand is 40-50 Hz.
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(3) In terms of transverse vibration trend, the maximum peak acceleration is located
above the tunnel excavation section, and the farther the measuring point is from
the tunnel axis, the smaller the peak acceleration. For longitudinal vibration trend,
the peak acceleration is largest when the cutter-head reaches the monitoring section.
Moreover, as the distance decreases, the peak acceleration gradually increases after
the cutter-head reaches 35 m in front of the monitoring section. After passing through
the monitoring section, the peak acceleration drops sharply.

(4) For human comfort in an operating room, the vibration influence range by double-
shield TBM construction is 38 m in front of the cutter-head, 10 m behind the cutter-
head, and 17 m on both sides of the tunnel’s axis. In terms of residential houses and
office buildings, the vibration influence range is 29 m in front of the cutter-head, 8 m
behind the cutter-head, and 10 m on both sides of the tunnel’s axis. Moreover, it has
no effect on human comfort in shopping malls, cinemas, restaurants, etc.

Notably, the research results are limited to the current formation or a formation of the
same type. Actually, the vibration monitoring results are affected by many formation factors,
such as the compactness of the rock mass, degree of fissure development, groundwater,
etc. These have a great influence on vibration acceleration. Moreover, the results of this
paper do not consider the effect of tunnel burial depth; it is meaningful to study the
relationship between the tunnel buried depth and the vibration influence range. The peak
acceleration in the manuscript is the actual maximum value of on-site vibration monitoring.
However, there will be differences between the actual vibration and the monitoring results.
Further, we will use a probabilistic approach to estimate peaks [35,36] and perform error
analysis [37,38]. The results can provide a reference for the vibration effect of double-
shield TBM passing through houses, highways, and bridges. It also has strong practical
significance for resolving disputes that double-shield TBM tunnel construction affects the
lives of inhabitants.
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