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Characteristics of vibration sources and
their propagation properties in shield
construction

Abstract: The vibration generated during the shield construction process may have an impact on the surrounding
environment and structures, so it is particularly important to study the characteristics of its vibration sources and
propagation properties. This paper analyzes the characteristics of the main vibration sources of the shield machine
during the construction process, including the vibration frequency, amplitude distribution and so on. Through the
literature research of various experts and scholars, the change rule of vibration sources under different working
conditions is explored, and the propagation characteristics of vibration in the soil body are studied. This study can
provide reference basis for vibration control and environmental protection during shield construction. The main
conclusions are as follows: 1) the vibration during shield construction is mainly generated by the interaction
between the cutter plate and the surrounding rock; 2) the frequency of vibration caused by shield construction is
mainly in the range of 0~80Hz, and the amplitude is related to the nature of the excavated soil and the construction
parameters; 3) the vibration tends to decrease with the increase of the distance, and the high-frequency vibration
propagates faster than the low-frequency attenuation in the soil body.

Keywords: shield tunnels; construction vibration ; vibration propagation ;

1. Introduction

In recent years, China's urbanization is developing very rapidly, in order to solve the problem
of urban traffic congestion, subway transportation has become one of the main ways of national
travel. Nowadays, many first-tier cities in China have built a perfect subway network, and second-
tier cities are also putting into a new round of subway construction. Among various underground
engineering construction techniques, shield method is a construction technique suitable for tunnel
construction, which has been widely used in urban rail transit projectstt]. However, shield
construction also brings us some new technical problems, among which the vibration of
surrounding rock caused by shield method construction is one point that needs to be emphasized.

When tunneling by the shield method, a certain degree of construction vibration phenomenon
is generated. The planned routes of urban underground tunnels often pass through densely
populated and built-up busy areas, which inevitably leads to construction areas adjacent to or even
directly through some important buildings, especially sensitive structures including ancient
cultural relics buildings. For example, the Xi'an subway crosses the ancient city centerl?l, where
several tunnels pass underneath ancient city wallsEl.

Shield method of construction vibration caused by the surrounding rock vibration source has
a variety of factors, in the construction process, the cutter plate cutting soil, shield machine itself,
the operation of construction vehicles and other reasons will trigger the construction of vibration,
through the soil around the tunnel to the outside world, will have an impact on the surrounding



buildings[. In the process of shield construction digging, if vibration with large amplitude and
low frequency occurs, it may cause damage to the surface building and cause uneven settlement
and other hazards. Although the vibration induced by the shield construction method is smaller
compared to the vibration effect on the surrounding rock induced by construction methods such as
drilling and blasting, it is not negligible. If the vibration exceeds the permissible magnitude, it will
have an adverse effect on nearby buildingsl. At present, most studies focus on the effects of
vibration on buildings during the operational phase of tunnelstll’l, and there is relatively little
research on the vibration of shield construction, this paper will summarize the sources of vibration
of the surrounding rock caused by shield construction and summarize the characteristics of the
sources of vibration of shield construction through the existing literature.

2. Sources of vibration in shield construction

Vibration is an unavoidable phenomenon during shield tunnel construction. The source of
this vibration is mainly generated by the operation of construction equipment, especially the
advancement of the shield machine, cutting, grouting and other operational processes, which are
the key links to trigger vibration. Specifically the vibration source includes the following
partstlelol;

1) Shield cutterhead

The shield cutterhead is the core part of the shield machine, and its main function is to cut the
rock and soil. The cutterhead contacts with the rock and soil while rotating, which generates huge
shear and compressive stresses. These forces cause vibrations in the formation, especially when
cutting hard rock, pebble layers or mixed formations. In addition, the cutterhead will be subjected
to uneven forces in the formation during cutting, and these forces will be transmitted to the overall
structure of the shield machine, causing vibration.

2) Propulsion system

The propulsion system of a shield machine usually consists of several hydraulic cylinders and
hydraulic pumps. The propulsion system applies thrust in the forward direction of the shield
machine through the cylinders to push it forward. Due to the non-homogeneous nature of the
ground and variations in geological conditions, the propulsion force is often not uniform, which
can lead to vibrations in the propulsion system. In addition, pressure fluctuations and pulsations in
the flow of hydraulic fluid generated by the hydraulic system during operation are also important
sources of vibration. The vibration of the propulsion system will be more obvious especially in the
case of rapid propulsion or encountering high resistance.

3) Discharge system

The soil discharging system is responsible for conveying the cut down soil to the rear of the
shield machine, and usually adopts screw conveyor or belt conveyor for soil conveying. During
the operation of screw conveyor, due to the friction and collision between the screw blades and the
soil, it will produce large vibration. At the same time, the frictional resistance and the change of
friction force that the soil body is subjected to during the conveying process will also cause
vibration. In addition, when the soil body is discharged from the shield machine and then enters
the soil silo or soil truck, the fall and collision of the soil body will generate shock vibration.

4) Lining assembly system

During the advancement of the shield machine, the tunnel lining needs to be assembled. The
lining assembly system usually consists of assembling machine and assembling ring. During the



assembly process, handling, docking and installation of the lining rings will generate mechanical
vibration, especially in the docking process of the lining rings, due to docking errors and collision
will generate large shock vibration. In addition, the uneven force and reaction force during lining
assembly will also cause system vibration.

5) Auxiliary equipment

Various auxiliary equipment is also used in the shield construction process, such as grouting
system, ventilation system, drainage system and so on. This auxiliary equipment will also produce
different degrees of vibration during operation. For example, the grouting system will produce
pulsating vibration due to the high-pressure injection and flow of the slurry during grouting; the
fans and pipes of the ventilation system will produce noise and vibration of air flow during
operation; and the drainage system will also cause vibration and noise of the water flow during
water pumping and drainage.

6) Friction between shield shell and ground layer

The friction between the shield machine's shell and the surrounding strata during its
advancement is also an important source of vibration. Especially in the case of complex ground
conditions or high friction, the friction between the shield shell and the ground layer can cause
significant vibration. In addition, when the shield machine encounters obstacles in the strata or
hard rock layers, the shield shell will be subjected to a greater reaction force, thus causing severe
vibration and impact.

3. Shield construction vibration characteristics

Factors such as the weight and stiffness of the shield machine, the setting of the digging
parameters, and changes in soil conditions can have a significant impact on the magnitude and
frequency distribution of vibration. The types of data for detecting vibration caused by shield
construction are mainly divided into frequency and amplitude of vibration, and the following will
be carried out to characterize the vibration of shield construction from these two aspects.

3.1 Characteristic frequencies

The vibration frequency generated during shield construction has complex characteristics
with a wide range of frequencies, mainly concentrated in the 0-80 Hz band. Vibration frequency is
one of the important parameters for evaluating the impact of vibration, and vibration of different
frequencies has different impacts on the environment and buildings.

Specifically, in the process of shield construction, the most important source of vibration is
generated by the interaction between the shield cutter plate and the soil at the palm surface. Guo
Fei et al.['Y through on-site monitoring of vibration caused by shield construction in the sandy
pebble subgrade of Lanzhou obtained the acceleration time curve of soil vibration in the vicinity
of the shield cutter and analyzed it, and the results showed that the high-frequency part of the
shield construction vibration was rapidly decaying, and the vibration frequency of the ground
surface was mainly dominated by 12.5-80Hz. Tao Lianjin et al.[!?l carried out on-site vibration
monitoring for the shield construction section of a subway in Lanzhou and found that the vibration
frequency transmitted to the ground surface was mainly concentrated in the range of 0-80Hz. Tao
Lianjin et al. conducted on-site vibration monitoring of a shield construction section of Lanzhou
subway, and found that the vibration caused by construction was mainly concentrated in the
frequency between 0 and 80 Hz. Wang Xin et al.[*® conducted on-site testing of the vibration
response of the surrounding environment caused by shield construction in the shield construction



section of a subway tunnel in Beijing as an engineering project, and the data showed that the main
frequency distribution of the vibration source of the shield construction was from 5 to 45 Hz, and
proposed that the main construction parameters affecting vibration were the torque of the cutter
plate the total thrust of the shield machine, and so on.

In summary, the vibration frequency of shield construction is mainly distributed between 0
and 80 Hz, in which the low-frequency vibration spreads farther, and the low-frequency vibration
is caused by the propulsion of the shield machine, the rotation of the cutter disk to break the rock,
and the operation of the screw conveyor and other large-scale mechanical components. These
components produce periodic motion in the working process. Therefore, the factors affecting low-
frequency vibration during shield construction are mainly the design of the cutter disk, the degree
of wear of the tool, the hardness of the soil or rock, the propulsion speed, and the design of the
conveyor. Low-frequency vibration spreads farther and has a greater impact on the surrounding
buildings and infrastructure, which can easily cause resonance of the buildings and lead to
structural damage or foundation settlement. High-frequency vibration propagation distance is
closer, and its causes are mainly the operation of the motor, high-speed rotating parts, the
operation of the mechanical transmission system. Therefore, the factors affecting high-frequency
vibration are mainly the power of the motor, rotational speed, load conditions, and the wear and
tear of the internal parts of the motor, the design of the transmission system, the dimensions and
mesh accuracy of the gears, and the tensioning degree of the conveyor belt.

3.2 Amplitude Characterization

During the shield construction process, the amplitude size is mainly related to the shield
construction parameters, (including the type of surrounding rock, shield machine digging speed
and other factors). Zhu et al.] established the relationship between the vibration amplitude of the
shield machine body and the influencing factors by using multiple linear regression through on-
site testing of the soft soil subgrade and the upper-soft and lower-hard strata. i.e.,

Y = by + b;X; + byX;, +b3X5 + byX, + bsXs + bgXg(1)

where: Y is the dependent variable (vertical vibration velocity at typical measurement points),
by~b, are the partial regression coefficients, and X;~X, are the average dynamic elasticity
modulus of the palm surface, the shield machine digging speed, the torque, the total thrust, the
rotational speed, and the depth of burial of the influencing factors, respectively.

Wang Xin et al.' took the shield construction section of Beijing Metro Line 8 as the
engineering Beijing, the data obtained from on-site monitoring were analyzed, and the initial term
formula of environmental vibration caused by shield construction was proposed:

Vo = ag(Eqw + a;Eqp)®"FrenT(2)

where: V, is the initial term of environmental vibration caused by shield construction (mm/s);
Eqw is the weighted dynamic elastic modulus of the soil layer at the excavation surface (MPa); E4¢
is the weighted dynamic elastic modulus of the soil layer, F is the total thrust of the shield machine
(MN); T is the torque of the blade of the shield machine (MN-m); a, is the overall influence
coefficient of the dynamic elastic modulus of the soil, a; is the additional influence coefficient of
the dynamic elastic modulus of the overburden soil, b and ¢ are the influence coefficients of total
shield thrust and cutter torque, respectively.

From Eqgns (1) & (2), it can be seen that the factors affecting the amplitude of shield
construction are mainly the weighted dynamic elastic modulus of the soil layer, the total thrust of
the shield machine, the torque of the cutter plate, and the digging speed of the shield construction,



etc. The comprehensive study shows that the dynamic elastic modulus of the working surface of
the shield machine is the main factor affecting the amplitude.

4. Vibration propagation characteristics

The propagation of vibration in subway tunnels is mainly divided into two periods, one is the
vibration caused by the construction period, and the other is the vibration caused by the operation
period. For the construction period, most of the research focuses on the environmental vibration
propagation caused by drilling and blasting method and other construction methods, and less
research on the propagation of vibration in the surrounding rock medium caused by shield method
construction. For the operation period, mostly focused on the study of vibration propagation
caused by subway operation.

Zhang Xinshang et al.l18l through the combination of numerical simulation and field test
method, studied the mechanized construction tunnel blasting vibration distribution in the
surrounding rock, numerical simulation results are basically in line with the measured data, along
the radial direction of the tunnel blasting vibration impact of the larger range of 0 ~ 6 m.

Huang Qiang et al.['"] took Shanghai Metro Line 9 as the research background, acceleration
sensors are arranged in the tunnel, the surrounding soil layer and various parts of the surface, and
the vibration caused by the subway operation is tested in the field, and the propagation law of the
subway vibration is analyzed, and the results show that the direction of subway vibration is
dominated by pendant vibration, and the vibration level increases when it transmits from the
tunnel to the surface via the soil layer, which may be related to the reflection of the boundary
plane of the ground surface and the acceleration amplification zone is 20~30 m away from the
center of tunnel. The range of 20-30 m from the center of the tunnel is the acceleration
amplification area.

Gupta et al.[*®! took the key parameters that have a significant effect on the generation and
propagation of vibrations in underground railroads and were analyzed through a parametric study,
which showed that material damping and shear modulus of the soil have a significant effect on the
propagation of vibrations, i.e., the vibration level is higher when the tunnel is in softer soils but the
propagation attenuation is greater, resulting in comparable levels of vertical vibration in softer and
stiffer soils at a greater distance from the tunnel.

In order to examine the law of vibration propagation in the ground surface, the field vibration
test is carried out by Wang Futong et al.'®] with the Beijing Urban Railway Line 13 as the research
background, and the test data are analyzed, and the results show that the vibration at the near track
is dominated by the high frequency, and the vibration away from the track is dominated by the low
frequency, and the vibration level of the frequency bands does not show monotonous attenuation
with the increase of distance, and the rebound phenomena occurring in the frequency bands which
are close to the superior frequency of the soil layer are larger.

Using ANSYS finite element software, Wang Liming et al.[?! selected representative subway
tunnels of different soil layers, rock layer characteristics of numerical simulation, and studied the
surface vibration response caused by subway train operation in different tunnel media, the results
show that the subway vibration response within the range of 50 m is not much difference.

Using numerical simulation method and the first interval of Beijing Subway Line 16 as the
engineering background, the impact of vibration generated during the operation of the subway on
the vibration of surface buildings is studied by Liu Li et al.[?Yl and vibration damping measures are



given. They showed that: adopting the floating plate roadbed track has a better effect of vibration
control on the buildings, which can meet the normal use of high-rise buildings on the surface.

When the vibration caused by shield construction propagates in the surrounding rock, the
low-frequency vibration attenuation is slow and the high-frequency vibration attenuation is fast,
which is similar to the propagation of vibration caused by underground transportation and
earthquakel??. The attenuation characteristics during vibration propagation are determined by
geometric damping and material damping. Geometric damping is related to the location and type
of vibration source, and it describes the phenomenon that the energy density of vibration spreads
and decreases as the propagation distance increases. Material damping, on the other hand, is
related to the properties of the propagation medium, such as the internal friction of the soil, which
absorbs the vibration energy and leads to a gradual decrease in amplitude.?®l, The study by Kim et
al.[? showed, through analysis of field monitoring data, that measured vibration attenuation data
were more consistent with predicted results when using geometric damping coefficients,
suggesting that geometric damping plays a dominant role in vibration attenuation in a given
situation.

6. Concluding remarks

1) During shield construction, vibration is mainly generated by the interaction between the
cutter plate and the surrounding rock;

2) The vibration frequency caused by shield construction is mainly concentrated in the range
of 0~80Hz, and the amplitude is affected by the nature of excavated soil and construction
parameters;

3) The vibration is gradually weakened with the increase of distance, and the propagation of
high-frequency vibration in the soil body attenuates faster than low-frequency vibration.
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