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Abstract

Wing segments are developed aiming the efficient moment transférât the joints of shield lining
to maintain necessary lining stiffness in very soft ground where enough passive pressure is not
mobilized, and to reduce the cost of joints. In developing wing segments full-scale loading tests
have been conducted. The lest results show that maintaining the shearing stiffness at the end of
wing joint could attain sufficient moment transfer at joints. Unlike ordinary segments, the
moment transfer by bolts is not significant and the number and size of bolts could be reduced in
the segments.

1. Introduction

In Japan shield tunnels are often constructed in soft ground. Accordingly enough passive
pressure is not mobilized and a large bending moment occurs in the lining. For ordinary
rectangular segments, lining stiffness is covered by the longitudinal joint positions are not
continuous for tunnel axis (hereafter referred to as staggered pattern). To maintain strength of
the lining and prevent joint opening are needed, however, heavily reinforced and expensive joints
are required.

The authors developed a wing segment that reduces the number of bolts used and decreases the
bolt diameter by modifying the shape of the segment pieces. The longitudinal joints have
extension part in circumferential direction that equal about half width of the segment, and tenons
that we call shearing keys are placed in the joint surface. Wing segment can be attained efficient
moment transfer caused by shearing stiffness, and sufficient ring strength and ring stiffness in

very soft ground. This paper presents a basic construction of the wing segment and the results of
the loading tests conducted with full-scale segments (5300mm external diameter, 1200mm
width, 250mm thickness, six pieces).
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2. Basic Construction of Wing Segments

2.1 Shape

Figure 1 shows the basic construction of
wing segments. The segments are made

up of the "main section" and "wing
sections." The longitudinal joint
surfaces of the segments have shearing
keys, so that shear resistance force can
be transmitted effectively.

2.2 Mechanism of Bending Moment
Transfer

ill. 1.
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Fig. 1 Basic Construction of Wing Segments

Figure 2 shows the structural
transmission mechanism of bending moment in the wing segment joint. The bending moment
that works on the joint (M) is divided into that which works on the bolts (Mb) and that which
works on the base of the wing section (Mw). Mw is the sum ot the bending moment that works
on the shearing key (Ms Sj x L) and Mb.

M Mb + Mw
Mb + (Ms + Mb) 2Mb + Ms

M : Bending moment that works on the joint.
Mb : Bending moment that works on the bolts.
Mw : Bending moment that works on the base of the wing section.
Ms : Bending moment that works on the shearing key Sj x L).
Sj : Shearing force that works on the shearing key.
L : Wing length

Ms and Mb resist the bending moment
M that works on the joint. Therefore, by
placing a higher percentage of the
bending moment on the shearing key the
burden placed on the bolts can be
reduced. In other words, the number of
bolts or their diameter can be reduced.

Theoretical analysis was conducted by
using a cantilever model as shown in

Figure 3. A model was constructed in
which both wing sections face each other
and are joined by rotation springs and

shearing springs.

The cross section of a single subway
tunnel was used for the analysis. The
relations between the wing length and
the bending moment percentage on the
bolt, the base of the wing section and
the shearing key and between the wing
length and equivalent rotation stiffness
that converted ordinary joint were
calculated. The results of the analysis
are shown in Figure 4. The bending
moment percentages on the each
section are shown below.

ill. 2.
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Fig. 2 Mechanism of Bending Moment Transfer by
Shearing Force

ill. 3.
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Fig. 3 Cantilever Model
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Fig. 4 Wing Length (L) Sensitivity Analysis

db Mb/M
dw Mw/M
ds Ms/M

db : Bending moment percentage on the bolts,
dw : Bending moment percentage on wing section base
ds : Bending moment percentage on the shearing key.

Longer wing sections are better to reduce
the burden on the bolts. The analysis
showed that the bending moment
percentages and equivalent rotation
stiffness became changeless when the

wing length exceeded 60 centimeters.
Therefore, the wing length in the full size
segment load presence tests was set at 60
centimeters.

3. Loading Tests Using Full-Scale
Segments

The aim of developing wing segments was
to attain strength and stiffness equal to or
higher than staggered pattern rectangular
segments even if wing segments'
longitudinal joint positions were
continuous for tunnel axis (hereafter
referred to as inline pattern). A series of
the loading tests using full-scale segments
was carried out in order to investigate this.
Figure 5 shows the section items for the
test piece. The materials used are shown
in Table 1.
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Fig. 5 Cross Sections of the Test Piece
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3.1 Shearing Key Shearing Test Table 1.

3.1.1 Purpose of the test
To obtain the shearing spring constant
and confirm shearing strength of the
shearing key on the joint surface.

3.1.2 Testing Method
Figure 6 shows an outline of the
testing method. Tests were conducted
on the loading conditions that
occurred positive bending moment
(Case 1) and negative bending
moment (Case 2) at the joint.. Axial
force was set at 441 kN per segment
width and 221 kN per longitudinal joint
surface to comply with the joint
bending test and ring loading test to be
described later.

3.1.3 Test Results
1) Shearing strength

Table 2 shows the test results.
Because compression caused cracks
early in Case 2, the collapse load was
smaller than for Case 1. However, it
was found that the shearing key
had sufficient shearing strength
because the collapse load is greater
than the design ultimate load,.

Material Strength properties / Units: N/mm2

Concrete

Standard design strength

Allowable compressive stress

Allowable shearing stress

act =48

Oca I"?

lca =0.74

Reinforcement

Yield stress

Allowable compressive stress

Allowable tensile stress

a,y 345

oia =200

oia =200

Bolts
Yield stress

Allowable tensile stress Q

Q

II

II

8
1

Table 1 Materials

ill. 6.

v/////////////////////////////////,

Fig. 6 Shearing Test Outline

Table 2.

2) Shearing stiffness
Figure 7 shows the relations
between presence load and
shearing deformation. The design
values in the figure do not take
friction resistance caused by axial
force into consideration. Although
shearing cracks resulted after the
allowable load was exceeded, it can be

seen that there are no major changes in
shearing stiffness even after the cracks

appear. If the shearing stiffness of wing
segments are overestimated, the bolts will
be underestimated and safety problems
will develop. The actual shearing
stiffness measured was larger than
shearing spring constant design values
calculated after considering the stiffness
of the concrete and the shear
reinforcement. This showed that the
design value of the shearing spring
constant was safe value.

Design
values

Allowable load P_, (kN)

Case 1

263

Case 2

257

Final load Pru (kN) 555 512

Test

values

Collapse load Pu (kN) 842 669

Safety factor F, (=PU /Pa) 3.21 2.61

Table 2 Shearing Test Results

ill. 7.
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Fig. 7 Relations Between Load and Shearing
Distortion
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ill. 8.
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Fig. S Joint Bending Test Outline

Table 3

(Units: kNm/m)

Design
values

Allowable bending moment M„ 90.7

Final bending moment Mtu 178

Test

values

Bending moment at collapse Mu 180

Safety factor F, (=MU IM„) 1.99

Note: An axis force of 368 kN was used for the joint bending test.

3.2 Joint Bending Test

3.2.1 Purpose of the test
To confirm the mechanism of bending
moment transfer by the shearing key, and
to verify the strength and stiffness of the
joint.

3.2.2 Testing Method
Figure 8 shows an outline of the testing
method. The load was applied so that the
ratio of the bending moment and the axial
force was constant until the allowable
bending moment. After the allowable
bending moment was exceeded, the
load was applied so that the axial
force remained constant and the
bending moment increased. The
section forces at the allowable
bending moment were set at 368 kN/
m for the axial force and 90.7 kNm/m
for the bending moment to comply
with the final proof stress confirmed
through the ring load test. Tab[e Mnt Bending Test Residts

3.2.3 Test Results
Table 3 shows the test results. The
bending moment at collapse was about
the same as the design final bending
moment. This is believed to be the result
of sufficient transmission of the bending
moment by the shearing key (shearing
resistance (S) x Wing length (L)).

3.3 Ring Loading Test

3.3.1 Purpose of the test
To investigate the strength and
deformation properties of the wing
segment ring under the axial force.

3.3.2 Testing Method
Figure 9 shows an outline of the testing
method. The load was applied so that the
ratio of the bending moment and the axis
force were constant until the allowable
bending moment. Bending moment was
applied by placing concentrated loads
(Pv and Pu) on the vertical and horizontal
directions of the segment. Part-1, 3 were
placed on the ring so that the maximum
positive bending moment worked on the
main section and the maximum negative bending moment worked on the wing sections. Part-2
was placed opposite to Part-1,3. In the test concentrated loads (Pv and Ph) were introduced
proportionately until the design bending moment, but in the final load condition test Pu was set
at 0.

Pan 1.3 (Pv)
Part 2 (Ph

Axial force

introduction d»*'

270 deg

t 90 deg

H) Part 1,3 (Ph
Part 2 (Pv)

180 deg

0 deg 90 deg

Fig. 9 Ring Loading Test Outline



168 DEVELOPMENT OF WING SEGMENTS

3.3.3 Test Results
Figure 10 shows the relations between the load
and convergence of the segment ring in Case 3.
The specifications of the bolts in the wing
segment were smaller than those for
conventional bolts. At the allowable bending
moment level the ring stiffness was equivalent
to or greater than that of the rectangular
segment staggered pattern ring calculations in
the structural analysis. This shows that the
bending moment is transmitted effectively by
the shearing keys, and that stiffness has been
improved. Also the bending moment
distribution in the main section of the segment
calculated from the strain measurements on the
steel reinforcements is equivalent to the
distribution in uniform stiffness rings.
Therefore, it was confirmed that wing segments
can be designed as uniform stiffness rings
ignoring the joint.

ill. 10.

Table 4 shows a summary of the final
proof stress results. The bending
moment at the end of tests was higher
than the design final bending moment
of rectangular segment staggered
pattern rings. This confirms that wing
segments can provide sufficient proof
stress even inline pattern construction.
In each test case bending collapse
occurred at the position where the
maximum positive bending moment
was occurred.
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Fig. 10 Relations Between Vertical Loads and Vertical
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Table 4.
Part 1 Part 2 Part 3

Maximum positive bend
Main

section
Joint

Main
section

Design
values

Ma (kNm/m) 110 90.7 110

M,„ (kNm/m) 200 178 200

Test

values

Mu (kNm/m) 209 212 243

Safety factor F, (=A/„ /Ma) 1 90 2.34 2.22

Table 4 Ring Loading Test Results

4. Conclusions

The conclusions that resulted from the full size segment loading tests were as follows:

1) The wing segment feature of transmitting bending moment with shearing stiffness was
confirmed, and it was verified that the number of bolts or their diameter can be reduced.

2) It was verified that ring proof stress and ring stiffness equal to or greater than that for
rectangular segment staggered pattern rings could be achieved with inline pattern construction
using fewer bolts or bolts with smaller specifications.

3) In joint bending tests where axial force was introduced, joint behavior similar to that in the
ring loading test was confirmed. Therefore, it was confirmed that this simple test could
sufficiently replace the ring loading tests.
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