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Abstract. Shield construction has the advantages of stable driving speed, saving manpower, and being able
to carry out construction in complex strata, which has been more and more widely used. In the process of
shield construction, there is a gap between shield body and segment, which is easy to cause ground settlement
when the grouting speed cannot keep up. This paper summarizes the common methods to predict the surface

settlement, analyzes the causes of the settlement, and lists an engineering case to illustrate the factors affecting
the surface settlement. Finally, it comes to the conclusion that the main causes of the surface settlement caused
by shield tunnel construction are formation loss and consolidation settlement, and the use of small cutterhead
and composite cutterhead can reduce the surface settlement, It provides a reference for the development of

shield construction.

1 Introduction

With the continuous development of economy and the
increasing size of population, the urban traffic pressure is
increasing, resulting in a series of problems such as traffic
congestion, environmental pollution and so on. Ground
transportation has been unable to meet people's daily

travel needs. Subway has become an important mode of

transportation in many cities because of its fast,
convenient and less pollution.

Although the development of subway has been for a
long time, and the technical level has been greatly
improved, the common construction methods mainly
include open cut method, subsurface excavation method
and shield method. Shield method has been more and
more widely used because of its many advantages. In the
process of shield construction, it is inevitable to have
different degrees of influence on the soil layer, and then
cause the surface settlement. Excessive displacement will
cause structural damage and other adverse effects.
Therefore, it is of great significance to control the surface

2 Prediction method of ground
settlement

The influence of surface settlement on the construction
process is extremely critical. The correct prediction of
settlement value can avoid a series of accidents. At present,
the commonly used methods include empirical method,
model test method, analytic method and numerical
simulation method. The advantages and disadvantages of
various methods are shown in Table 1.

settlement in the construction process. In the process of
shield construction, the selection of shield parameters will
have an important impact on the surface settlement, so the
selection of reasonable shield parameters can reduce the
difficulty of the whole construction process. The common
parameters are cutterhead torque and cutterhead form, so
it is of great significance to study the relationship between
them and surface settlement.
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Tablel.  Advantages and disadvantages of different research
methods.
Method .
Name Advantage Disadvantages
N the method is the calculatlor_l method is
Empirical simple and rough and difficult to
Method mpie reflect the actual
intuitive . .
situation
it needs a lot of
the mechanism manpower and material
Model Test s casy to resources, and there is a
Method ex rZss certain deviation
P between the model and
the actual situation
the theoretical .
. . only in a few cases can
Analytic solution can be . X
. . the theoretical solution
Method obtained with .
. be obtained
less calculation
Numerlpal there are many lack of consideration of
Simulation options ractical factors
Method P P
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2.1 Empirical method

The empirical method is mainly to analyze and fit the field
measured data to get the empirical formula and apply it to
the actual project for verification. Peck formula is the
most famous one. Peck!'! puts forward this classic
settlement formula on the basis of a large number of
measured data. This formula plays an extremely important
role in the analysis of land subsidence. After continuous
improvement and correction, peck formula has been
widely used. The expression is as follows:
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Where, X—Distance from the center of the tunnel, m;
S(x)—Surface subsidence value related to X, m; Spax—
Maximum settlement of tunnel center line, m; i—Width
coefficient of settling tank; Vi,«—Formation volume loss
per unit length, m3/m; p—Surface loss rate related to
engineering geological conditions and other factors; R—
Tunnel radius,m.

2.2 Model test method

Model test method is a convenient and -effective
construction method, which combines the field measured
data with the theoretical research, simulates the
construction situation in the laboratory, and then analyzes
a series of possible situations.

Atkinson®! carried out centrifugal experiments on
shallow tunnels in the environment of clay and sand.
Based on a lot of analysis, the stress-strain relationship
causing tunnel failure was obtained, and the relevant
analytical solution of surface settlement under the plastic
theory was proposed.

Imamural® carried out the simulation test of tunnel
excavation process, set different thickness of overburden
on the top of the tunnel to study the trend of surface
deformation under different earth pressures. After in-
depth analysis, it is found that the relationship between
surface settlement and overburden thickness is in the form
of exponential function.

2.3 Analytic method

The analytical method is to combine the theory and
numerical calculation methods to study the variation law
of surface settlement in the process of shield tunnel
construction, and then deduce the theoretical calculation
formula.

Sagasetal®! applied the image analysis method to the
construction of shield tunnel, obtained the calculation
formula of three-dimensional stress field for calculating
the surface deformation, and took the displacement value

of soil deformation as a variable to analyze the strain field
at a certain depth below the ground, and obtained good
practical effect.

Liu BaochenP! applied the stochastic medium
prediction theory to the surface settlement prediction of
subway shield construction, obtained two-dimensional
and three-dimensional surface settlement prediction
methods, compiled a set of computer program for
calculating deformation, and verified the reliability of the
program through some examples.

2.4 Numerical simulation method

With the rapid development of computer, many
engineering problems can be solved more accurately.
Modeling and analyzing the actual project can provide
great convenience for construction.

Li Hongbol®l. Analyzed the ground settlement during
shield tunneling, modeled the subway construction with
ANSYS, and numerically simulated the settlement at
different excavation stages with FLAC 3D, and analyzed
the influence of time and space effects on ground
settlement during shield tunneling.

Du Mingfang!”! used Midas to analyze the ground
settlement caused by the shield tunnel crossing the railway,
and concluded that the ground settlement caused by the
shield tunnel decreases with the increase of the distance
from the center line of the tunnel, and the railway track
can play a buffer role in the ground settlement.

3 Mechanism analysis of ground
settlement caused by shield tunnel
construction

3.1 Causes of ground settlement caused by
shield tunnel construction

When the soil is soft, the shield construction will cause
the soil around the excavation face to loosen or even
collapse, and its intuitive performance is the surface
settlement. The main reasons for the settlement of shield
tunnel construction are the formation loss and
consolidation settlement.

3.1.1 Formation loss

In the process of shield construction, due to its
construction technology, the earthwork produced by
shield construction is larger than that calculated according
to the cross section, which will lead to a certain gap
between the shield machine shell and the tunnel lining.
When the construction stratum is relatively weak, the gap
can be filled by the surrounding soil, which will cause the
displacement of soil, and then lead to surface settlement.

The formation loss is the volume difference between
the actual excavated earthwork and the calculated
earthwork. Generally, the formation loss is divided into
three categories: the normal formation loss caused by the
geological conditions of the construction site or the
selection of construction technology and other objective
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conditions; In the process of shield tunneling, the
abnormal ground loss is caused by the wrong selection of
machine parameters and the failure of grouting in time; In
the process of shield tunneling, the disastrous ground loss
caused by collapse of working face.

3.1.2 Consolidation settlement

In the process of tunnel shield construction, grouting and
over excavation will change the original state of the
stratum. Due to the disturbance, the surrounding soil will
produce a certain excess pore water pressure. Under the
action of this water pressure, the stratum will have a
certain degree of settlement, which is called consolidation
settlement.  According to  different  pressures,
consolidation settlement can be divided into primary
consolidation settlement and secondary consolidation
settlement. Due to the dissipation of excess pore water
pressure, the pores between soil particles are reduced and
the soil is compacted, and then the settlement is called
primary consolidation settlement. The settlement caused
by shear deformation of soil due to creep of soil skeleton
is called secondary consolidation settlement.

The primary consolidation settlement is the main form
of surface settlement, and with the increase of overburden
thickness, the proportion of primary consolidation
settlement is also increasing. When the tunnel depth is
large, even if the total settlement is small, the proportion
of main settlement can not be ignored. The duration of
secondary consolidation settlement is generally long,
which can last for several months or even years in the fluid
plastic soil with large pores.

3.2 Development process of surface subsidence

The surface settlement caused by shield construction can
be divided into five stages: initial settlement, excavation
surface settlement, tail settlement, tail pore settlement and
long term continuous settlement.

3.2.1 Initial settlement

When the shield machine has not reached the designated
position, the settlement outside the sliding surface in front
of the shield machine is called initial settlement. The main
cause of initial settlement is consolidation settlement,
which is largely caused by the change of stress state
between soil due to the decrease of groundwater level
during construction.

3.2.2 Excavation ground settlement

When the shield machine reaches the designated position,
the settlement of the soil in front of the shield machine is
called the excavation face settlement. The excavation
forms of different tunnels are related to the type of shield,
and the stress state of the soil at the excavation face is
different due to the different shield parameters. The cause
of settlement is that the vertical stress of the excavation
face is too large. When it exceeds the thrust of the shield
machine, the settlement occurs.

3.2.3 Tail settlement

When the excavation face of shield machine passes
through the designated position, the settlement is called
tail settlement. In the process of shield construction, there
will be friction between the soil layer and the shield shell,
which will produce a sliding surface. Shear stress is
generated in the soil near the sliding surface. When the
shield machine passes through the broken stratum, the soil
will move to the pores generated by the shield machine
under the action of shear force.

3.2.4 Tail pore settlemen

The settlement after shield tail passing is called tail pore
settlemen. Due to the need of on-site construction and the
certain thickness of shield shell, the outer diameter of
shield is about 2% larger than that of tunnel lining. This
will lead to a certain gap between the shield shell and the
tunnel lining. If it can not be filled in time, it will cause
the collapse of the surrounding soil.

3.2.5 Long term continuous settlement

The settlement that still exists for a long time after shield
passing is called long term continuous settlement. This
kind of settlement is related to construction quality,
geological conditions and shield type.

4 Measures to control ground settlement

In the process of subway shield construction, ground
settlement will be caused for various reasons. In order to
ensure the smooth progress of construction, appropriate
measures should be taken to control the ground settlement
within a reasonable range. The following measures can be
taken:

4.1 Keep the excavation face stable

Appropriate additives can be added in the shield
construction to make the residue have sufficient fluidity
and ensure the normal operation of the dumping facilities.
When the soil layer is clay or silt, the internal friction
angle is small and the water permeability is poor, so the
spiral dumping device is needed to ensure the stability of
the excavation face. For sand and gravel, due to its large
internal friction angle and poor fluidity, appropriate
additives must be added to reduce its permeability to meet
the construction requirements.

4.2 Grouting of shield tail gap

Grouting should be done in time. When the exposure time
of the tunnel lining exceeds a certain value, it will lead to
the collapse of the tunnel. Therefore, in order to reduce
the surface settlement, synchronous grouting must be
done. The grouting amount should meet the requirements.
Because the grouting material has the characteristics of
shrinkage, when pressurized, due to the infiltration of
surrounding rock, the grouting amount is larger than the



E3S Web of Conferences 276, 02003 (2021)
WCHBE 2021

https://doi.org/10.1051/e3sconf/202127602003

void amount, which is generally 1.5-2 times of the void
amount.

4.3 Reduce the disturbance to the formation

Shield construction shall be carried out continuously.
When the shield machine has to stop advancing for some
reason, the earth pressure on the face will cause the shield
machine to retreat for a certain distance, so the protection
work should be done to ensure the continuous
construction. The amount of waste should be strictly
controlled to avoid large settlement. It is not accurate to
only use the volume of waste as the volume of discharged
slag, which should be controlled by the volume of waste,
the pressure of pressure chamber and the volume of
excavated soil.

5 Relationship between shield
parameters and ground settlement

Based on Shijiazhuang Metro Line 3 project, Shang
Yanliang!® studied the relationship between cutterhead
torque, cutterhead form and surface settlement value, as
shown in Figure 1 and Figure 2.
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Figure 1. Settlement value of different cutterhead torque.
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Figure 2. Settlement value of different cutterhead forms.

It can be seen from the figures that the settlement value
caused by small torque excavation is 7mm~10mm, and
that caused by large torque excavation is 11mm~14mm,
so the settlement value caused by small torque excavation
is smaller; The settlement value caused by composite
cutterhead excavation is between 7mm~10mm, and that
caused by panel cutterhead excavation is 11mm~14mm,
so the settlement value caused by composite cutterhead
excavation is smaller.

6 Conclusion

(1) At present, the analysis methods of shield construction
mainly include empirical method, model test method,
analytic method and numerical simulation method.
Different methods have their own advantages and
disadvantages.

(2) The main causes of ground settlement caused by
shield tunnel construction are formation loss and
consolidation settlement.

(3) The cutterhead torque and cutterhead form of
shield machine are closely related to the ground
settlement. The settlement value caused by using small
cutterhead torque is less than that caused by using large
cutterhead torque; The settlement caused by using
composite cutterhead is less than that of using panel
cutterhead.

(4) In the process of shield construction, the choice of
cutter head torque and cutter head form will have an
important impact on the surface settlement, so it is
important to choose reasonable shield parameters

(5) There are many factors affecting the shield tunnel,
but most of the research is only for a single factor, and the
influence of multiple factors on the surface settlement
needs to be further studied.
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