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Study on the Damage to the Segments Caused by Load during

Construction of Shield Tunnel in Deep Underground

By

Jin SAITO*

After the shield tunneling method was adopted for the first time in Japan in 1920, many tunnels have
been constructed by this method mainly for infrastructure systems. Additionally, tunnels have been
constructed by this method also for the electric power systems including urban extra-high-voltage
underground power transmission lines and the facilities for storing gas conduit to transport LNG used as
the fuel for a thermal electric power plant, since 1960’s. As a result, the ratio of underground power
transmission lines in Tokyo exceeds 90% and they are the important electric power systems supplying the
stable electric power in the Metropolitan area.

While the recent shied tunneling method makes tunnels longer and deeper, the segments have been
thinner and wider with technological innovation. In deep underground, the earth pressure is much smaller
than the water pressure. Also, an earthquake is considered to rarely affect tunnels in deep underground.
Therefore, the major load applied to a tunnel should be water pressure. Accordingly, if a tunnel has a
circular cross-section surface, the cross-section force generated in the cross-section direction of the tunnel
1s mainly the axial force. As a result, thinner segment can be designed and the amount of reinforcing bars
can be reduced in many cases.

On the other hand, when constructing a shield tunnel in deep underground, the load during construction
increases due to high water pressure. Also, as the deep tunnel has a deep shatt for starting of the shield and
reaching, the shaft construction costs increase exponentially. If the number of shafts is reduced and a
longer shield tunneling distance is set, tunneling should be conducted at a higher speed with a greater jack
thrust. Thus, the load during construction of a shield tunnel becomes critical and it is important to establish
the design method during construction.

Damages to the segments caused by load during construction range from the cross-section destruction,
broken segments and chipping, or cracking. These damages have not been often seen recently. However,
as the shield tunnel becomes deeper, occurrence of these damages have become apparent. All of these
damages should be taken into consideration in the design, but the assessment for the breaking, chipping
and cracking is much more difficult than the damages that can cause cross-section destruction, in the
design of segments. Although these damages affect the endurance of the tunnel in many cases, existing
studies provide few cases describing the details of this issue.

This study examines the shield tunnel in deep underground with the reinforced concrete segments,
explicitly describing the causes of the damage to the segments during tunneling based on the measurement
of segment behaviors in the actual construction site and the 3-D FEM analysis simulating the segment
assembly and tunneling. This study also proposes how to control the damage to the segments, based on
the 3-D analysis using the parameters for K segment shape, shield jack action pattern, and the binding
effect in the tunnel radius direction or in the circumference direction.

This paper consists of 6 chapters.

The Chapter 1 is the preface to describe the history of shield tunneling method and the role of the shield



tunnel as the electric power systems. This chapter also explains the purpose and composition of this study
and organizes the increasing issues of design for the segments of tunnel in deep underground during
construction and the trend of existing studies.

The Chapter 2 describes the types and causes of damages to the segments that have been confirmed from
the segment measurement in the field. Measurement of the segments have been conducted for the shield
tunnel construction work to link under the seabed of the Tokyo Bay between the LNG bases of Futtsu
Thermal Power Station and of Higashi-Ohgishima Thermal Power Station. 70% of the total line of this
tunnel is located at 50 m below the surface of the sea or deeper. Since it should be highly likely that the K
segment and the B segment suffer from several damages during the construction work, the segment
behaviors were observed to identify the relation between the behavior and the damage. As a result, it was
confirmed that the joint of the K segment had a prominent gap or misalignment due to pushing and
pulling of the shield jack for assembling the segment. Also, it was identified that this caused breaking,
chipping or cracking in some cases. Moreover, measurement of gap and misalignment mainly on the K
segment showed that until the segment ring is bound by the ground, the K segment repeats minute
motions up to 3 mm due to pushing and pulling of the shield jack for assembling the next ring, even if it is
assembled precisely. Particularly when the shield jack is pulled back from the assembled K segment, the
K segment was pushed out to the face side, causing a significant displacement toward inner space side
against the adjacent B segment on the face side. This Chapter also shows that the damages can occur due
to contacting of sharply-angled parts of the segment or a point of support generated between the next ring
and the current one.

The Chapter 3 examines the segment damage possibilities and the causes by simulating the conditions in
the construction work and the processes of assembling of the segments and of shield tunneling with the
3-D shell spring model analysis method. This Chapter describes the analysis model used in this study.
Then, the stress state and deformation state obtained as the analysis result are analyzed for each analysis
step to extract the construction steps that can cause damage. Also, this Chapter shows that the construction
conditions, assembling position for the K segment in particular, the shield jack placement and its pushing
and pulling, the tail seal position and rigidity as well as the shape of the K segment, the fastening power
and the stiffness of the joint can cause damage.

The Chapter 4 examines the processes for constructing the shield tunnel according to the 3-D shell spring
model by using the shape of the K segment. Based on the examination results, this chapter describes how
to control the damage of the K segment. The model analysis results show that the size of the insertion
angle is the main cause and that the size of the insertion angle should be under approximately 8 degrees.
Accordingly, the examination shows that: if the tensile stress in the tunnel circumference direction caused
by the shield jack thrust is controlled to approximately the tensile stress caused by the Poisson’s ratio of the
concrete, cracking can be reduced and the stress can be inspected in the design process.

The Chapter 5 describes the measures to control the damage with a focus on the design conditions and
construction conditions of the segments and the shield machine according to the 3-D shell spring model
analysis. In other words, this chapter shows that a jack pattern with a high risk of damage to the segments
during segment assembling exists and that it is important to make a construction plan without this jack
pattern. Also, it shows that the binding effect in the tunnel radius direction or the circumference direction is
highly effective in controlling the damage to the segments. Furthermore, the chapter indicates that an
innovative construction method to generate not only the binding force with the segment joint but also the
axial compression force from the outside of the segments toward the tunnel circumference direction will
be necessary according to the situation.

The Chapter 6 is the conclusion to summarize the findings of this study and refer to the future research
challenges.
*(Tokyo Electric Power Company, Incorporated)
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