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Application of Ductile Segments to Tunnels in Close Proximity
Utilisation de voussoirs ductiles à des tunnels très proches
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ABSTRACT: Establishing or expanding a mass rapid transit (MRT) network has been a challenge in the urban area. With limited
space and cityscape issues, the network would be chosen to be built below ground by virtue of bored tunneling with precast reinforced
concrete (RC) segments. While the twin tunnels for the up- and down-track lines are in close proximity, the driving effect of the
succeeding tunnel may become significant on the preceding one, thus threatening the lining system. This paper presents a case history
in the Taipei MRT projects where limited space led not only the twin tunnels to a nearly stacked alignment but the clearance to as
close as about 1.5 m. A series of numerical simulations was conducted to investigate the proximity effects, and reinforcement of the
lining system was evaluated. Considering the high degree of strength, ductility, and anticorrosion features, ductile segments were
introduced for the first time in Taiwan. The basic information of the ductile segments is briefed, followed by the design consideration.
Monitoring results are further provided for validation and as retrofits for lining analysis and design.
RÉSUMÉ : L’établissement ou l'expansion d'un réseau de métro (MRT) a été un défi dans l’espace urbain. Avec un espace limité et
des contraintes de paysage urbain, la solution retenue est un tunnel foré sous terre, avec des voussoirs en béton armé (RC)
préfabriqués. Alors que les tunnels jumeaux des lignes de métro haute et basse sont très proches, l’influence du creusement du tunnel
en cours sur le tunnel existant peut devenir significative, menaçant ainsi le système de revêtement. Cet article présente une histoire de
cas des projets de Taipei MRT où l’espace limité a provoqué non seulement une quasi superposition de l’alignement des tunnels
jumeaux, mais aussi jusqu’à 1,5 m d’espacement entre les deux tunnels. Une série de simulations numériques a été réalisée pour
étudier les effets de proximité, et le renforcement du système de revêtement a été évaluée. Étant donné le degré élevé des
caractéristiques de résistance, de ductilité et anticorrosion, des voussoirs ductiles ont été introduits pour la première fois à Taïwan. Les
informations de base sur les voussoirs ductiles sont présentées, suivies de considérations sur la conception. Les résultats de la
surveillance sont ensuite fournis pour validation et rétro-analyse de l’analyse et de la conception du revêtement.
KEYWORDS: ductile segments, proximity effect, Taipei MRT projects.
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INTRODUCTION

With the first stage of Taipei Rapid Transit System (TRTS)
completed and set out for revenue services in 2009 (while the
first line started operation in 1996) and the second stage
finished by 2018, the system is now serving more than 1.7
million passengers a day within a total of 102 stations and about
113 km of routes (TRTC 2012) around the Taipei Metropolis.
As the MRT network keeps expanding, it would be more
frequent to encounter site constraints. The up- and down-track
lines of the underground routes may have to not only shrink the
in-between spacing but adjust the typical, parallel alignment to
a stacked pattern. In such situations, driving effect of
succeeding tunnel on the preceding one becomes significant and
requires additional consideration in design and construction.
General speaking, the effect of tunnel driving can be ignored
if the clearance between the existing structures, such as tunnels,
buildings, and facilities, is beyond one diameter of the tunnel.
As more and more routes constructed in the urban area,
however, it becomes much more frequent to encounter such
situations that twin tunnels are excavated with the in-between
clearance less than one tunnel diameter. Additional surcharge
has been suggested in the lining design guide to account for
such a proximity effect on the succeeding tunnel for the
clearance between 0.5 and 1.0 times of tunnel diameter (e.g.
JRCEA 1977). Ground improvement and temporary bracing
would be applied as the protection measure. Besides, the lining
system can be reinforced by replacing the commonly-used,
precast reinforced concrete (RC) segments to high strength
materials. This paper presents a case history in the Songshan

Line of Taipei MRT projects where the clearance between
tunnels is as small as about 1.5 m (about 0.25 times of tunnel
diameter) and the routes for clearance smaller than 0.5 times of
tunnel diameter is as long as more than 350 m. Since most of
the abovementioned sections are beneath either existing
buildings or roads of heavy traffic, implementation of ground
improvement (even from the boring machine) may not be able
to meet the protection requirement. Considering the high degree
of strength, ductility, and anticorrosion features, the spherical
graphite cast iron segments (or ductile segments) were first
introduced in Taipei MRT projects. The background of the case
history is first illustrated, followed by numerical simulation for
proximity effect and design consideration for ductile segments.
Measurements obtained from the automatic monitoring system
are provided, and concluding remarks are given at the end of the
paper.
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BACKGROUND

The Songshan Line, which is part of the Green Line in the
second stage of TRTS, consists of 9 underground stations and
about 8.5 km of routes. The Construction Lot CG291 (Figure 1)
of the Songshan Line was first planned to cover Stations G15
and G16 and twin tunnels of about 930 m long between Stations
G14 and G16. The Station G15 was finally cancelled as a result
of site constraints and tremendous construction cost and risks
involved. As illustrated by the figure, the twin tunnels are
designed to pass underneath a street block between Stations
G14 and G15. Structures above the routes includes a
underground parking lot, one official building, and a series of
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recovered gradually. At present, hydrostatic condition at
sublayers V and VI and about 50 kPa of drawdown at sublayers
I to IV could be expected.
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residential buildings. Due to limited space on Tianshui Road,
the twin tunnels are adjusted from the parallel alignment to a
nearly stacked pattern for a section between the insection of
Yanping N. Road and Tianshui Road and the Taipei Circle.
According to the planned alignment, the clearance of the twin
tunnels are smaller than 0.5 times of tunnel diameter for a
section between Station G14 and the Taipei Circle. The smallest
clearance is about 1.5 m that occurs right below the Taipei
Circle. Typical sections of the twin tunnels in close proximity
are as shown in Figure 2.
N
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Figure 4. Historical variation of hydraulic pressure distribution with
depth in Taipei Basin (after Chin et al. 2006)
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NUMERICAL ANALYSIS

The driving effect of the succeeding tunnel on the lining of the
preceding one was investigated through a series of 2dimensional (2-D) numerical analyses. Figure 5 shows the
numerical model constructed using the computer program
FLAC (ITASCA 2000). A Mohr-Coulomb model with nonassociated plastic flow rule was adopted to simulate soil
behavior. The driving-induced, construction and workmanship
effect, such as delay of tail grouting (causing soil relaxation),
excavation (inducing soil disturbance), and driving forces
(increasing soil stress), were simulated by introducing the gap
parameter suggested by Lee et al. (1992). The stresses shown on
the figure represent average values obtained from the resulting
response on top and two sides of the preceding tunnel.
Representative results are described in the following
paragraphs.

Figure 1. Scope of work for Construction Lot CG291
Tunnel diameter: 6.1m

(a) Chainage 0+100 m
(b) Chainage 0+274 m
Figure 2. Typical sections of tunnels in close proximity (after Kang et.
al 2007)

The major geological strata that the CG291 would encounter
is called Songshan Formation, a sandy-clayey-interbedded
Holocene deposit that was formed through a series of fluvial,
lacustrine, estuarine, and brackish-water sedimentation process
on the Taipei Basin (e.g. Lin 1957). Figure 3 depicts the typical
soil profile of Songshan Formation. It exhibits six sublayers at
Taipei Main Station and the CG291 site or thereabout, named
sublayer I to VI from the bottom to the top. The silty clay
sublayers (i.e. sublayer II, IV, and VI) become dominant toward
the east of the basin whereas the interbedded sequence becomes
complex toward the west. Typical engineering properties of
subsoils for Songshan Formation can be referred to Moh and Ou
(1979).
Figure 4 shows the historical variation of hydraulic pressure
distribution with depth in Taipei City. After pumping was
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Figure 3. Typical stratification of Taipei Basin (after Chin et al. 1994)

banned in 1968, the drawdown of hydraulic pressure has been
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Figure 5. Numerical model for twin tunnel analysis (after Kang et al.
2007)

Figure 6 depicts the variation of induced vertical stress on
top of preceding tunnel with respect to tunnel clearance (defined
as ratio of clearance to tunnel diameter). The three curves
represent results obtained from three different depths of tunnels
(i.e. z = 20, 25, and 30 m). As can be seen, the stress increases
along with the decrease of tunnel clearance. While the tunnel
clearance is 0.5, a 50% increase in vertical stress is obtained
compared to the corresponding response for single tunnel cases.
This finding is in a reasonable agreement with the suggested
value by JRCEA (1977), as tabulated in Table 1. For tunnel
clearance shrunk to 0.2, a 60% increase is expected. According
to the results, the increase fades away as the tunnel clearance is
greater than 2.
On the other hand, Figure 7 shows the corresponding lateral
stress variations on two sides of the preceding tunnel. For the
stresses on the outer side, a similar trend with those shown in
Figure 6 is obtained. The ratio of increase is however smaller.
For the stresses on the inner side, an almost identical trend with
those shown in Figure 6 is derived when the tunnel clearance is
greater than 0.8. A remarkable drop of stress ratio is observed
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when the tunnel clearance is smaller than 0.8. In addition, the
results indicate a significant difference (about 20%) of stress on
both sides of the tunnel when the tunnel clearance is about 0.2.

P(kN)
9000

Table 1. Suggestion of additional surcharge with respect to tunnel
clearance (after JRCEA 1977)

5000
(2)
3335

Additional surcharge / v’

Tunnel clearance, a

Stress Ratio
of Double System/
to Single Tunnel
Pressure
Ratio(Dual
SingleSystem
System)

1.0 < a
0
0.9 < a ≦ 1.0
0.1
0.8 < a ≦ 0.9
0.2
0.7 < a ≦ 0.8
0.3
0.6 < a ≦ 0.7
0.4
0.5 < a ≦ 0.6
0.5
v’: vertical effective earth pressure acting on segments
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Figure 6. Variation of induced vertical stress on top of preceding tunnel
with tunnel clearance (after Kang et al. 2007)
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Figure 8. Analysis results on force-moment curve for RC segments of
3% reinforcement ratio (after Kang et al. 2007)
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BASIC INFORMATION AND DESIGN
L
CONSIDERATION OF DUCTILE SEGMENTS

The ductile segments were chosen because of the high degree of
strength, ductility, and anticorrosion characteristics that provide
sufficient capacity against additional surcharge and deformation
induced by proximity effect. The basic information of RC
segments used in TRTS and the proposed ductile segments is
summarized in Table 3. Figure 9 depicts the layout of ductile
segments. As shown in the figure, the proposed ductile
segments were corrugated type that could exhibit higher
bending capacity than the girder counterpart (Figure 10). With
Z=20m_inner
Z=20m_outer
Z=25m_inner
Z=25m_outer
Z=30m_outer
Z=30m_outer
corrugated segments backfilled with concrete, the enhancement
of lateral support can further lead to a more economic design.

150%

Table 3. Basic information of RC and ductile segment used in TRTS

s
L

Lateral
Stress
Lateral
Pressures

D

140%

Item
Thickness (m)
Length (m)
Segments in a ring
Bolt

130%

120%

110%

RC segment

Ductile segment

0.25
1.0
6 (unequal size)
curved

0.25
1.25
6 (equal size)
high strength, straight

100%
0.0
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Figure 7. Variation of induced lateral stress on two sides of preceding
tunnel with tunnel clearance (after Kang et al. 2007)

Following the interaction analysis results for twin tunnels,
the commercial software SAP2000 (CSI 2008) was exploited to
derive the resulting bending moment and stress around the
lining of the preceding tunnel. Table 2 shows the results for the
tunnel clearance of about 0.3. The bending moment and axial
force is increased by about 70% and 30%, respectively, as
compared to those for single tunnel cases (i.e. without close
proximity effect). As the tabulated results are plotted onto the
force-moment diagram, Figure 8 implies that the results
exceeded the ultimate capacity of precast RC segments with
reinforcement ratio equal to 3%. Several reinforcement
measures, such as ground improvement and increase of lining
thickness, were then evaluated during design stage. Considering
that most of sections that are influenced by proximity effect are
beneath existing structures or roads of heavy traffic where
ground improvement or the thickened RC segments may not be
able to achieve the protection requirement effectively, the
spherical graphite cast iron segments (or ductile segments) were
employed for the first time in the Taiwan’s MRT system.
Table 2. Resulting response of lining with and without proximity effect
(after Kang et. al 2007)
Design condition

Axial force (kN)

Bending moment (kN-m)

Single tunnel
Tunnels with tunnel
clearance 0.3

2,630

206

3,335

352

1689

Figure 9. Typical layout of ductile segments (after Kang et al. 2007)

concrete

(a) Corrugated type
Figure 10. Structural type of ductile segments

(b) Girder type

While the loading combination and analysis model are
similar for precast RC and ductile segments, there are some
points that shall be considered in the design of ductile segments.
These include effective section, analysis model, plate and
component design, and connection design that can be referred to
Kang et al (2009) for details.
By taking the consideration into account, the ductile
segments were designed, fabricated, and then employed at the
preceding tunnel, the up-track line tunnel in the case, for
sections where the tunnel clearance is smaller than 0.5.
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MONITORING RESULTS

preceding tunnel (up-track
line) erected

600

To validate and modify lining analyses and design, a series
of instruments was installed at the ductile segments. Figure 11
shows one selected section for instrumentation. In total, there
are nearly 380 m of the up-track line tunnel employed with
ductile segments where there are 8 cross-sections selected for
monitoring. The instrument layout for the cross-section at
chainage 0+690 m, the location where the closed clearance
(about 1.5m) is encountered, is shown on the figure as a
representative. An automatic monitoring system was built to
take hourly response from strain gauges and daily response
from earth pressure cells and pressure transducers. Figure 12
presents representative monitoring results at chainage 0+690 m.
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CONCLUDING REMARKS

The ductile segments have been an alternative approach applied
to resist additional surcharge and deformation arisen from
proximity effect. While 2-D or even more sophisticated
numerical schemes can be exploited to investigate the
interaction between soils and tunnels or the proximity effect,
measurements from a thorough monitoring system would
provide invaluable retrofits to analysis and design. Engineering
judgment, however, should always be emphasized.
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As illustrated by the figure, the passage of succeeding tunnel
stirred up a remarkable reaction in the readings. The readings
first remained at the relative high level when the segments of
preceding tunnel were erected and compensation grouting was
implemented. They then declined gradually to a level that is
equivalent to the in-situ stress and strain condition until a
sudden rebound at the tunnel passage.
For the earth pressure, a significant increase of about 50~70
kPa was observed at the locations that are closed to the
succeeding tunnel (i.e. EP6041 and EP6045). The increased
level remained after the tunnel passed by. For the hydraulic
pressure, the sudden increase of pore pressure (about 60 kPa)
was only obtained at the closest point to the succeeding tunnel
(i.e. EPE6041). After the tunnel passed by, the pressure dropped
to a level that is about 20 kPa higher than the previous in-situ
condition. As for the strain gauges, all the readings displayed
revealed significant increase at the tunnel passage and the
increased level remained afterwards. It is of special noted that
the lining could subject to tension (e.g. with strains on the order
of 10-4 at CS6188) as a result of proximity effect.
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