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Absitract—=Shield tunnels traditionally have been built with single-
circle cross-sections. However, considerations related to construction
costs and periods, as well as safety, have led to increased use of

- multi-circular faces in recent years. Inthe multi-circularface shield
tunnelling methods proposed to date, the two circles may be placed
either side by side or one above the other. The characteristics of the
shield tunnelling methods differ, depending on whether the circles
are arranged horizontally or vertically. The H&V (Horizontal
vartiation and Vertical variation) Shield Tunnelling Method uses a
special rolling control function in spiral tunnelling with multi-
circular face shields. This method allows construction of tunnels
that have multi-circular face shields. It also permits construction
of tunnels that have multi-circular cross-sections, with the
arrangement of the circles varying continuously from vertical to
diagonal to horizontal, or vice-versa, as well as ramification from a
multi-circular tunnel into separate single-circle tunnels. This
paper discusses the H&V Shield Tunnelling Method, the mannerin
which the method is used, and the construction test used to verify
this construction technique.

Résumé—Les tunnels creusés au bouclier construits jusqu'alors ont
des coupes transversales uni-circulaires. Cependant, ces derniéres
ani.tes, des considérations lides au collt et au temps de construction,
ainsi qu'd la sécurité, ont conduit & l'utilisation croissante de
boucliers & face multi-circulaire. Dans le creusement au bouclier &
face multi-circulaire proposé & ce jour, les deux cercles peuvent étre
placés soit cote acote, soitl'un au dessusdel'autre. Lescaractéristiques
du creusement au bouclier différent selon que les cercles sont arrangés
horizontalement ou verticalement. Le creusement au bouclier H&V
(variation Horizontale et variation Verticale) utilise une fonction de
contrdle spéciale pour le creusement en spirale avec des boucliers &
face multi-circulaires. Cela permet aussi de construire des tunnels,
quiont des coupes transversales multi-circulaires, avec un ajustement
des cerclesvariant continiment de la verticale & la diagonale jusqu'a
I'horizontal, ou vice-versa, ainsi qu'une ramification partant d'un
tunnel multi-circulaire jusqu'aux tunnels uni-circulaires séparés.
Ce rapport traite du Creusement au Bouclier H&V, de la maniére
dont cette méthode est utilisée, et du test de construction utilisé pour
vérifier la technique de construction.

1. Introduction

n recent years, the increasing de-

mand for effective use of the un-

derground in Japan's urban areas
has been accompanied by much re-
search related to methods for using
deep underground space and construc-
tion methods for underground caverns
with large cross-sections and tunnels
with varying cross-sections. As re-
search has progressed, many new de-
velopments have occurred in the tech-
nigques for shield tunnelling, which
plays a central role in the development
of underground space.

Shield tunnels used to be con-

structed mainly with circular cross-
Sections for the following reasons:

* Single circles are structurally
stronger againstthe external pres-
sures that are applied to tunnels.

* The ground is excavated by ro-
tating the cutters in closed-type
shield tunnelling.
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* Itis easier to produce shield tun-
nelling machines and to produce
and assemble the segments for
circular cross-sections.

However, crowding of the under-
ground and the construction of tunnels
as substitutes for aboveground roads
that have become too narrow, coupled
with (1) the need for rational cross-
sectional shapes for tunnels in accor-
dance with their uses and (2) efforts to
reduce the cost of tunnel construction,
have led to the development of shield
tunnels with cross-sections other than
single circles.

One such type of new tunnel—the
multi-circular face shield tunnel—has
the following advantages in compari-
son with double single-track tunnels
with two separate tunnels running
parallel to each other and double-track
tunnels with two tracks running
through a large single-circle tunnel,
both of which traditionally have been
used for railway tunnels:

* The widths of the site required
and tunnel heights can be re-
duced by having the two circles
on top of one another or side by
side, facilitating route planning.
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¢ In comparison with the double-
track tunnels, the reduction of
the unnecessary cross-sectional
arearesultsin reduced construc-
tion costs.

* In comparison with the double
single-track tunnels, the commu-
nication facility between the two
tracks increases safety.

The H&V (Horizontal variation and
Vertical variation) Shield Tunnelling
Method presented herein is a new shield
tunnelling method that further in-
creases the advantages derived from
the use of multi-circular face shields.

2. H & V Shield Tunnelling
Method

2.1. Characteristics

Inthe multi-circular face shield tun-
nelling methods that have been put to
practical use so far, the two circles are
placed either side by side or one above
the other. The characteristics of the
tunnelling methods differ in the fol-
lowing ways, depending on whether
thecircles are arranged horizontally or
vertically:
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* Tunnels with horizontally ar-
ranged circles are easier to con-
struct when they intersect with
underground structures, and are
safer against disasters whenused
as railway or road tunnels.

¢ Tunnelswithvertically arranged
circles are easier to construct
when the tunnels have sharp cor-
ners, and are safer withregard to
their surroundings.

Having the freedom to select hori-
zontal or vertical arrangement accord-
ing to the planning and construction
conditions will allow planners to ex-
ploit the advantages of each method,
and will increase the advantages to be
derived from the use of multi-circular
face shields.

In the H&V Shield Tunnelling
Method, a multi-circular face shield
with a special articulation mechanism
is used to construct two tunnels very
close to each other in a spiral; the two
tunnels are arranged horizontally, di-
agonally, and vertically. The structure
of the shield tunnelling machine also
allows ramification from a multi-circu-
lar tunnel into single-circle tunnels.
Figure 1is a conceptual drawing of the
H&V Shield Tunnelling Method.

The H&V Shield Tunnelling Method
has the following advantages in addi-
tion to the conventional multi-circular
face methods:

* The height of the tunnel can be
reduced by arranging the circles
horizontally when there are re-
strictions on the tunnel height at
intersections with underground
structures,

* The width of the tunnel can be
reduced by arranging the circles
vertically in sections where the
width of the available siteis small.

e Whereramification of the tunnel
isrequired for utility tunnels and
underground railway stations,
underground ramification can be
carried out, allowing continuous
excavation without the vertical
shafts required in conventional
methods.

H&V Shield
Machine

Figure 1. Concept of the H&V Shield Tunnelling Method.

Unlike the case for single-circle face
shields, rolling of the shield tunnelling
machine needs to be controlled with
multi-circular face shields, becauseroll-
ingofthe multi-circular face shield could
lead to alteration of the internal cross-
section, infrusion into the clearance,
and hindrance to agsembly of the seg-
ments. The use of an effective rolling
control mechanism in the H&V Shield
Tunnelling Method makes stable exca-
vation possible with a minimum amount
of rolling, even during periods of exca-
vation in the non-gpiralling section.

2.2. Shield Tunneling Machine

The H&V shield tunnelling machine
consists of two articulated shield tun-
nelling machines joined together, en-
suring that their cutter face plates will
be on the same plane. The front bodies
ofthe two shield machineshavesliding
structures to enable them to be articu-
lated separately, while the rear bodies
are joined with an unhinged structure.
For ramification of the shield tunnel,
the rear bodies, which are joined to-
gether with bolts, are separated in the
ground by taking off the bolts.

The H&V shield tunnelling machine
has three mechanisms for spiral exca-
vation: a cross-articulation mechanism;
a copy cutter; and a spiral jack. These
mechanisms also incorporate the con-
trol functions for preventing the tunnel-
ling machine from toppling and rolling.

1. Cross-articulation mecha-
nism. The excavation direction of the
two front bodies of the shield tunnel-
ling machine is made to diverge by
articulating the front bodies in differ-
ent directions. The rotational force
created in this way is used for spiral
excavation. The amount of spiralling
(rotating angle per unit length) can be
controlled through adjustment of the
angle between the front bodies (see
Fig. 2).

2. Copy cutter. This mechanism
reduces the ground reaction that hin-
ders spiral excavation and facilitates
the articulation operation of the cross-
articulation mechanism.
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N
Thrust {7~

Constraint
force
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3. Spiral jack. The deviation of
the shield jack in the direction along
the circumference from the direction of
the advance of the shield tunnelling
machine separates the thrust and the
component force acting in the direction
of the rotation.

2.3. Segments

Two types of segments are used in
the H&V Shield Tunnelling Method,
according to the uses and structural
characteristics of the tunnels. Joined-
type segments are used when joining
the two tunnels; separate-type seg-
ments are used when constructing two
separate single-circle tunnels very close
tooneanother. For both segment types,
circles are used as the basic shape of
the tunnels (see Fig. 3), because of the
structural advantages and because the
cross-sections remain the same during
rotation when circles are used.

1. Jointed-type segments. The
jointed-type segments for the straight
sections are created by joining the con-
ventional single-circle segments par-
allel to one other. The single-circle
segments are joined at an angle in
creating joined-type segments for the
spiral sections. This means that the
only parts requiring special shapes are
the pieces for the connections. All the
rings of the spiral segments have the
same shape if the amount of spiralling
remains constant. The advantage of
these segmentsis that the connections
facilitate the construction of emergency
passages between the tunnels.

2. Separate-type single-circle
segments. Spiral tunnels can be con-
structed by combining standard
straight and tapered segments, as in
the construction of curves by conven-
tional methods. The advantages of
simultaneous construction of two tun-
nels very close to each other is that
there is no need to provide reinforce-
ment to the tunnel constructed first,
and there is no need for the ground
improvement that is required when
tunnels are constructed close to one
another by conventional methods.

Thrust
direction

direction

Figure 2. Spiral excavation mechanism.
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Joined—type
segment

Separate—type
segment

Figure 3. Two types of segments.

2.4. Alignment and Cross-Section
Types

The alignment of the spiralling sec-
tions can be varied by changing the
centres of rotation, as shown in Figure
4. In Type A alignment, the axis of
rotation is the centre of the two tun-
nels; in Type B, the centre of one tunnel
isused astherotation axis; and in Type
C, the rotation axis itself is made to
move. Type A allows rotation over the
shortest distance, while type B is effec-
tive when the alignment of one tunnel
has already been decided. Type C,
with no plane or longitudinal compos-
ite curves in either tunnel, facilitates
conformity with alignment standards.
It is also possible to construct two tun-
nels with different diameters for com-
bining tunnels with different uses.

3. Examples of H&V Shield
Tunnelling Method Applications

3.1. Underground Railway Station in
Restricted Construction Site (Fig. 5)

The two tracks of the underground
railway line preferably should be placed
side by side at a station from the point of
view of safety and functions. When the
station is to be built in an area with
restrictions on the construction site be-
cause of the small width of the road
above, the tracks may need to be placed
on top of each other. In such cases, the
two tunnels running side by side in the
normal section or at the stations on

OO

Type—A

Type—B

Type-C

Figure 4. Examples of spiral tunnels.

either side are made to run one above
the other by creating a 90-degree spiral
before and after the station, to construct
a station sited on a narrow strip of land.

3.2. Underground Railway Station
Facilitating Change of Trains (Fig. 6)

One of the tasks in ensuring the
safety of the passengers and improving
the economic effect of the underground
railway is to make it easier for passen-
gers to change trains at the stations.
By rotating the tunnel for one of the
tracks 180 degrees between two sta-
tions, as shown in Figure 6, passen-
gers can change trains on the same
platform without going up and down
stairs. Such an arrangement allevi-
ates crowding at the station and re-
duces the time required for changing
trains, making it more convenient to
use the underground railways.

3.3. Separate Drains (Fig. 7)

Simultaneous construction of drains
for sewage and stormwater is made
possible by the H&V Shield Tunnelling
Method, resulting in reductions in the
construction work and the areas of
land required for operation bases, e.g.,
for the starting shafts. The capacity
for spiralling and ramification permits
construction of drains with different
inclines, as well as branching of the
drains in separate directions.

4. Verification Test
4.1. Aims

Information relating to design was
collected with the following aims for
the purpose of establishing the H&V
Shield Tunnelling Method:

¢ Verification and assessment of
the characteristics of spiral exca-
vation and confirmation of the
performance of the spiralling
mechanism.

e Verification of ramification from
acomposite tunnel tosingle-cross-
section tunnels by separation of
the shield tunnelling machine.

* Segment stress measurement,

e Studies on the effects of the spi-
ral excavation on the surround-
ing ground.

4.2. Test Period and Site

The tests were conducted during a
period from October 1989 to March
1990. The site was an outdoor test
yard at the Technical Research Insti-
tute of Hazama Corporation.

4.3. Test Route

The excavationlength of 70.5 m was
divided into the following four sections
to verify the excavation conditions and
to compare the conditions with differ-
ent cross-section types (see Fig. 8):

1. Horizontal, 12 m, straight.

Figure 5. Underground railway station in a restricted

construction site.
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of trains.

Figure 6.Underground railway station facilitating change

TUNNELLING AND UNDERGROUND Space TecENoOLoGY 357



o

()

Plane alignment

Figure 7. Separate drains.

2. Ninety-degree spiral over a 45 m
length (2 degrees/m).

3. Vertical, 6 m, straight.

4. Ramification, 7.6 m (Track B
only).

The spiralling was performed at a
constant rate in the counter-clockwise
direction, with the centre of the two
tunnels as the rotation axis. This gave
the plane alignment of the tunnels the
shape of a cosine curve, and the longi-
tudinal alignment that of a sine curve,

4.4. Ground and Geological Conditions

The ground at the test site consists
of the Kanto loam layer at the top and
the Shimousa layer underneath, with
more or less horizontal stratification
(see Fig. 9). The groundwater level is
thought to be approximately G.L.-3 m.

For both Tracks A and B, the soil at
the starting point (horizontal arrange-
ment) consists of clay fine sand and
silt, with an admixture of sand with N-
values of 1 to 3. The soil type changes
along the spiral; clay fine sand with N-
values of 1 to 3 is found around the end
of Track B, while clay fine sand with N-
values of 2 to 13 are found at the end of
Track A (vertical arrangement).

4.5. Shield Tunnelling Machine
Specification

The test machine was a 3,500-mm-
long slurry-type shield tunnelling ma-
chine having two bodies, each with a
diameter of 2,120 mm. The machine
had the following characteristics:

Sewage — e ————_ =118
5::3, Stormwater drain drain ] - o ’ A
n %
v ma,mem©© @®-QO + L - (9 ¢ 6,0
Workg b
—__-—"_‘—--.
S dr:
Shigs dmin Stormwater ‘ 12m 45m A '7'5“!
drain Horizontal Spiralling Vertical

Ramification

Figure 8. Test route.

* The bodies of the shield tunnel-
ling machine could be separated
to allow ramification.

* A detachable diaphragm was
installed between the tails of the
two bodies for assembly of either
joined-type or separate-type
segments.

* A gap of 50 mm was maintained
between the two circular cutter
faces positioned on the same
plane.

4.6. Segments

Two types of segments (joined-type
and separate-type) were used in the
test. Both types were steel segments
with an external diameter of 2,000 mm
and a width of 750 mm, leaving a dis-
tance of 2,170 mm between the centres
of the two tunnels (see Fig. 10). The
inclination of the spiraljoined-type seg-
ments (inclination of segment ringjoint
faces) was given as 2.17 degrees from
the planned route, using the following
equation:

Inclination & =tan” (2X8)
L
where .
D: spiral radius = 1.085 m
8: spiral angle = 90 degrees (/2 rad)
L: spiral section length = 45 m

As shown in Figure 11, straight
joined-type segments were used at the
start, spiral joined-type segmentsin the
middle, and separate-type single-circle
segments towards the end. Abnormal-

N—values
L]

tel

shaped spiral segments were used at
the start of the spiral to create a gentle
curve, while joint segments were used
at the 45-degree point, at the junction
between the sections with joined-type
and separate-type segments.

5. Test Results .

The shield evacuation progressed
smoothly and the spiral and ramifica-
tion tunnel construction was completed
as planned.

5.1. Excavation Control
5.1.1. Spiral Excavation Plan

The articulation angle and copy
stroke of the shield tunnelling machine
required to produce the planned align-
ment were determined prior to imple-
mentation of the test.

The articulation angle, obtained geo-
metrically from the planned alignment,
was the same as the inclination of the
segment at 2.17 degrees. The articula-
tion angle was increased slightly in the
test to 3 degrees to compensate for the
reduction in the copy cut and to obtain
a greater spiral effect. The copy stroke
was set at 30 mm.

5.1.2. Spiral Excavation Control and
Results

The plane and longitudinal paths of
the frombodies of the shield tunnelling
machine for Tracks A and B are shown
in Figure 12. Because of the articula-
tion angle, the paths of the front bodies
are found inside the planned align-

10

2170

Figure 9. Boring profiles of the test route.

Figure 10. Spiral joined-type segment.
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Figure 11. Arrangement of segments.

ment in the plane alignment and out-
gide it in the longitudinal alignment.
The front body path generally preceded
the planned alignment.

The amount of meandering was
greater in the latter half of the spiral
excavation in the plane alignment and
in the first half in the longitudinal
alignment. This is because the devia-
tion in the spiral angle is more likely to
affect the longitudinal alignment in
the first half of the excavation, and the
plane alignment in the second half.

The spiral excavation was controlled
by adjusting the articulation angle.
The articulation angle in each excava-
tion ring and the amount of spiralling
per ring are shown in Figure 13. The
articulation angles are given as sums
ofthe angles for Tracks A and B. Itcan
be observed from the figure how the

Plane alignment

34

shape of the spiral follows the articula-
tion operation.

Figure 14 shows the correlation be-
tween the articulation angle and the
amount of spiralling. The correspon-
dence between the two has been ad-
justed to allow for the time difference
between the articulation operation and
the movement of the spiral. It is clear
from the figure that the amount of
gpiralling is proportional to the articu-
lation amount of spiralling by adjust-
ing the articulation angle.

5.1.3. Qverall Orientation Control

As with conventional shield tunnel-
ling machines, the yawing and pitch-
ing of the shield tunnelling machine as
awhole could be controlled by selective
operation of jacks.

5.1.4. Ramification

Ten rings were constructed on Track
B only, to confirm that the shield tun- |
nelling machine could be used to con-
structbranch tunnelsunderground. The
ramification work is outlined below.

The two front bodies of the shield
tunnelling machine are joined with a
pin, while the rear bodies are joined
with a skin plate and bolt. A waterstop
plate was installed in the pinhole after
the pin was removed from the front
bodies. The rear bodies were sepa-
rated by removing the bolt and cutting
off a part of the skin plate. Excavation
of Track B resumed after the separa-
tion work was completed. The part of
the tunnel completed after the separa-
tion was constructed in the same way
as conventional single-circle shields.

5.1.5. Excavation Control

Because the H&V Shield Tunnel-
ling Machine had two separate cham-
bers and slurry transportation equip-
ment, the slurry pressure on the cut-
ting face was controlled separately. In
the test route, the earth cover for Track
A increased and that for Track B de-
creased as the two tracks spiralled,
and the control value for the slurry
pressure on the cutting face was al-
tered with the progress of the spiral.
There was no correlation between the
cutting face slurry pressures on the
two tracks, as the cutting faces re-
mained independent of one another
(see Fig. 15).

The values of the excavation char-
acteristics are given in Table 1. There
wereno special features resulting from
the spiral excavation, because the val-
ues were much the same as for conven-

tional slurry shield excavation.
ﬁE‘ 10— : -
g H# \TraCk A 5.2. Earth Pressure Around Segmenis
] . =~
£ = Earth pressure cells were installed
5 00 ) on the outside of the segments to mea-
8 5 sure the changesin the loads according
- = /Truck B to segment types. The results indicate
N that the loads acting on various parts
B of the segments are not affected by
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Figure 12. Path of the front bodies of shield machine.
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Table 1. Results of the excavation characteristics.

Characteristics Track A Track B
Slurry pressure on Average 0.52 kg/sq. cm 0.28 kg/sq. cm
the cutting face
Cutter torque Average o = 0.44 =034
Maximum o =0.67 o=0.46
Thrust per unit area Average 17.2t/sq. m
Maximum 25.7 ¥sq. m
Excavation speed Average 14.2 mm/min.
I_S_Em'
e [T e 8
5

Wm'is
1.0 =] 15
A-shield
&8
%‘ & 05 15 tl/m'
= =4 .
d.-5 B—shield
X
% S OO I X i 1 i 1 R 1
g 20 40 60 80 Ring
Figure 15. Slurry pressure on the two cutting faces. Figure 16. Earth pressure around segment (42 degrees).
8 1 1
horizontally, diagonally, or vertically; E Op —eis=Eae= E———— e
the load distribution simply corre- 7 IOE } 1 iy "
sponds to the earth cover. The earth G 20 i ! e
pressure distribution on Ring 44 (42 _5 i i B
degrees) is given in Figure 16. 5% | i o b
H ]
1 0
) . 1
5.3. Ground Deformation ' E' '
Ground surface settlement and i : :
ground inclination were measured to ]
assess the effects of the spiral excava-
tion on the surrounding ground. The l'
measurement results are summarized | |
below: ) 6 10 N —e--—588 final
¢ Seventy to eighty percent of the Henzomntal B ogathc il
final ground surface settlement deformation — " 41R on the machine
occurred with the passage of the v 39R on the cutting face
tail of the shield tunnelling ma-
chine, asis the case with conven- Figure 17. Example of the ground deformation
tional shield excavation. oSBT TR LI
* The final ground surface
settlement for horizontal,
dl:gf:ai I?n e(fi ‘i;:r:lcasl tzrga;i:— » Examples of the ground defor- ment for the diagonal arrange-
i? . % diffe e’ mation measurementresults are ment and the results of FEM
b ntzree;verfhzo d]_iIlf?Jirnt & re:;c 0‘? given in Figure 17. The centre of analysisimplemented prior tothe
te sl 1 . © i YP settlement tends to move toward test. The two agree closely, indi-
. T‘;Jlﬂitif?l}%gmﬁﬂtgém bvwa the deeper shield in the case of cating that predictions can be
lilelftl . OH © S'?’,h th en rt“::aﬁ diagonal arrangement. i made with a fair degree of accu-
BUpatly Bma t:;m ; thivhe hl . e Figure 18 shows the results of racy using the same prediction
R g e hort- ground deformation measure- analysis procedure as for con-

zontal arrangement.

ventional shield excavation.
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Figure 18. Comparison between ground deformation

measurement and result FEM analysis.

6. Conclusion

The verification test results con-
firmed the possibility of constructing
two tunnels positioned extremely close
to each other, spiral tunnels and rami-
fication tunnels, as well as the perfor-
mance of the spiralling mechanisms
and, in particular, the effectiveness of
the cross-articulation mechanism. It
was also found that the excavation
characteristics and ground deforma-
tion with the H&V Shield Tunnelling
Method are more or less the same as
those that results when conventional
single-circular shields are used.

The development of procedures for
effective use of underground space us-
ing this method and detailed investi-
gations on the lining structure are un-
derway at present.

The authors believe that the H&V
Shield Tunnelling Method will make
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significant contributions to the effective
use of underground space in the future.
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