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ABSTRACT: Transportation and lifelines play a crucial role in maintaining living functions of people 
in/around urban areas. Due to progressive development of major cities, bored tunneling has become 
one of the commonly adopted methods for constructing transportation and lifeline facilities. As ground 
deformation would inevitably be induced by tunneling, buildings or structures in the close proximity are 
subject to various levels of risk to damage. The soil/groundwater conditions as well as their interaction 
with tunnels and substructures have further made the situation of each case unique and full of challenges. 
This paper discusses 4 cases in the Taipei Rapid Transit System (TRTS) projects, where tunnels were bored 
in close proximity to or even in conflict with existing substructures and/or substructures to be constructed 
in the future. In addition to a review of possible consequence caused by the construction, numerical simu-
lations are introduced to characterize important features and obtain insights of the problems. Engineer-
ing judgment and decision-making process to the ground deformation control and protection strategies 
are further presented for resolution of each case.

1 INTRODUCTION

With growing economical activities and transpor-
tation needs in the city, Taipei, the capital of Tai-
wan, has been developing its metro system for the 
past 25 years. As tabulated in Table 1, the Stage I 
Taipei Rapid Transit System (TRTS), with about 
93-km routes and 82 stations, was completed and 
set out for revenue services in July 2009 (while the 
first line started the operation in March 1996). For 
the Stage II, which is currently under construc-
tion and is scheduled to be completed by 2018, 
additional 87-km routes and 76 stations would 
be added to the system. By the completion of the 
TRTS network in the Stage III, a total of 7 major 
lines with over 270-km routes and 250 stations will 
spread over the Taipei Metropolis (Fig. 1).

There are over 50% of total routes constructed 
by using the shield tunneling method. Due to lim-
ited spaces available in urban areas, tunnels are 
often bored in close proximity or even in conflict 
with existing substructures. Sometimes, there will 
be structures to be constructed in the proximity 
of tunnels in the future and provisions have to be 
made for protecting the tunnels. The so-called prox-
imity effects have thus become a challenge to the 
TRTS projects. This paper discusses 4 cases in the 
Stage II construction of TRTS, including one with 
tunnels that are in close proximity to each other, 
one with tunnels in conflict with existing piled raft 
foundation, one with tunnels passing underneath 
existing tunnels, and one with tunnels affected by 
the constructions of adjacent pile foundations.

2 GEOLOGICAL CONDITIONS OF 
TAIPEI BASIN

The Taipei City is situated in a basin (the so-called 
Taipei Basin), which is surrounded by mountains, 
hills, and terraces (Fig. 2). Through a series of 
fluvial, lacustrine, estuarine, and brackish-water 
sedimentation process (e.g. Lin 1957), a sandy-
clayey-interbedded stratum was formed at the sur-
face. The interbedded Holocene deposit at surface 
is called the Sungshan Formation, and the under-
lain late Pleistocene gravel deposit is called the 
Chingmei Gravels.

Based on the data collected in decades, a geo-
technical zoning map has been developed for Tai-
pei City (MAA 1987) as shown in Figure 3. The 
zoning is mainly based on the distribution of sedi-
ments from the Hsintien, Tamshui, and Keelung 
Rivers. Figure 4 depicts typical soil profiles across 
the Taipei Basin. The ground surface is primarily 
within 10 m above the MSL (i.e. mean sea level). 
The Sungshan Formation consists of six sublayers 
(Hung 1966, Moh & Ou 1979) with total thicknesses 
varying from 40 m to 70 m, named sublayer I to IV 
from the bottom to the top. The underlying Ching-
mei Gravels is as thick as 140 m (Fu et al. 1990).

As can be noted from Figure 4, the six-sub-
layer sequence is evident in the central areas of 
the basin, where the Taipei Main Station of the 
TRTS is located. The silty clay sublayers (i.e. sub-
layer II, IV and VI) become dominant toward the 
north and the east of  the basin. The interbedded 
sequence becomes complex toward the west of  the 
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Figure 2. Satellite image of Taipei City (Copyright (c) 
CSRSR/CNES. 2004. Courtesy CSRSR, NCU).

Figure 3. Geotechnical zoning of Taipei Basin with 
first stage network of TRTS (after Chin et al. 2006).

Figure 4. Typical stratification of Taipei Basin (after 
Chin et al. 1994).

Table 1. Stations and routes planned in TRTS.

Stage

Station/Route length (km)

Elevated
At 
grade

Under-
ground Total

Operation 
date

I 33/33.52 6/9.5 43/48.2 82/92.9 2009.07.

II 25/28.4 0/0 51/58.7 76/87.1 2018.12.

III 25/30.7 27/22.6 41/45.0 93/98.3 N.A.

Total 83/94.3 33/32.1 135/151.9 251/278.3 N.A.

Data obtained from TRTS (2010); N.A.: Not available.

Figure 1. Long-term route map for TRTS (after TRTS 
2010).

basin. On the south side, gravels are even discov-
ered in the sublayer V, where silty sand is present. 
Figures 5 and 6, respectively, illustrate typical CPT 
and soil strength profiles for the Sungshan Forma-
tion (Moh et al. 1999), and the engineering prop-
erties of  the subsoils can be referred to Moh & Ou 
(1979).

With a maximum grain size of about 600 mm, 
the Chingmei Gravels is very permeable and rich 
in water-bearing. It used to be a primary source of 
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water supply for people in the city. Figure 7 shows 
the variation of hydraulic pressure distribution 
with depth in the past 30 years. Excessive pumping 
from this gravel layer had led to significant draw-
down of hydraulic pressures before 1970s. Pumping 
has been banned since 1968, and the water pres-
sures in the Chingmei Gravels gradually recovered. 
According to the measurements taken in 2004, 

Figure 5. Typical CPT profile obtained in Taipei Basin 
(Moh et al. 1999).

Figure 6. Distribution of undrained shear strength with 
depth in Taipei Basin (Moh et al. 1999).

-50

-40

-30

-20

-10

0

0 100 200 300 400 500 600

Water pressure (kN/m
2
)

E
le

v
a
ti

o
n

  
(m

)

Layer VI

Layer V

Layer IV

Layer III

Layer II

Layer I

Assumed

hydrostatic

pressure

1997

1974

1980

1990

1986

1980

Year 2004 data

Data before 1997  from Chin ( 1997 ) Layer VI

(CL)

Layer V

(SM)

Layer IV

(CL)

Layer III

(SM)

Layer II
(CL)

Layer I

(SM)

Figure 7. Distribution of hydraulic pressure with depth 
in Taipei Basin (after Chin et al. 2006).

the hydraulic drawdown was reduced to less than 
100 kPa compared to the hydrostatic pressures. 
At present, about 10 kPa to 20 kPa of drawdown 
could be expected. The rising hydraulic pressure 
in the Chingmei Gravels has been reported as the 
main reason leading to critical tunnel failures in 
TRTS constructions (Ju et al. 1998, Hwang et al. 
1998, Lin et al. 1997).

3 PROXIMITY EFFECTS OF TUNNELING

In general, the effects of driving a tunnel can be 
ignored if  the clearance between the tunnel and the 
existing structures is larger than one diameter of 
the tunnel. However, with more and more routes 
constructed in the city, it becomes much more fre-
quent to have situations where tunneling is to be 
carried out with smaller clearances. In some cases, 
tunnels to be constructed will encounter existing 
substructures and in some cases substructures are 
to be constructed in the proximity of existing tun-
nels. This section presents 4 such cases and explains 
how the problems were resolved.

3.1 Case I—two tunnels in close proximity

The Songshan Line is part of the Green Line in 
the Stage II construction of TRTS and is 8.5-km 
in length with 9 underground stations. Lot CG291 
(Fig. 8) is one of the 3 construction lots in the 
Design Lot DG166 of the Songshan Line. The 
twin tunnels in this construction lot start from 
the north end of Beimen Station (G14) and end 
at Zhongshan Station (G16) with a total length of 
about 930 m.

An extensive study has been conducted to inves-
tigate the feasibility of constructing a station, 
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Tienshui Station (G15), in the middle of the sec-
tion. The station was finally cancelled because of 
the site constraints and the prohibitive cost of con-
struction. The study is, however, of great interest 
because much has been learned on the interaction 
effects between the two tunnels.

3.1.1 Lining design

The limited space allowable at the mid-section of 
the route can only accommodate a narrow sta-
tion with platforms at different levels. Therefore, 
the two tunnels have to switch from a parallel con-
figuration at the G14 Station to a stacked position 
at the G15 and return to a parallel configuration 
at the G16. For a length of more than 350 m, the 
clearances between the two tunnels are smaller 
than 3 m with a minimum of 1.9 m (Fig. 9).

Figure 10 depicts the configuration of the pre-
cast reinforced concrete lining segments generally 
adopted for TRTS. The reinforced concrete rings 
are 6.1 m in outer diameter, 250 mm in thickness, 
and 1 m in length. Each ring consists of 6 segments. 
These segments are interlocked by curved galva-
nized bolts in the both radial and longitudinal direc-
tions. To prevent the presence of weakness along 
the connections of the rings and to increase the lon-
gitudinal rigidity of the tunnel lining, Type K seg-
ments are bolted with their adjacent counterparts 
by a certain degree of rotation (Fig. 10b).

The beam-spring model is most commonly 
adopted in the lining design as it can provide better 
simulations of joints that exhibit reduced bending 
rigidity on the circumference and longitudinal con-
nections. Figure 11 shows the double-ring model 
where the segments are modeled as curved beam-
frame elements. Figure 12 shows the loading com-
bination adopted in the design.

Figure 8. Scope of work for Lots CG290 and CG291.

Figure 9. Twin tunnels in close proximity (after Kang 
et al. 2007).

(a) Cross-section 

(b) Segment arrangement 

Figure 10. Typical layout of precast concrete lining seg-
ments for TRTS (after Kang et al. 2007).

3.1.2 Analyses for proximity effects
To investigate the effects of driving the second tun-
nel on the lining of the preceding tunnel, a series 
of 2-dimensional (2-D) numerical analyses were 
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such as delay of tail grouting (causing soil relaxa-
tion), excavation (inducing soil disturbance), and 
driving forces (increasing soil stress), are simulated 
by introducing the gap parameter suggested by Lee 
et al. (1992).

3.1.3 Results of analyses
As can be noted from Figure 14, the vertical stresses 
acting on top of the preceding tunnel increase as 
the clearance between the two tunnels decreases. 
This finding is in a reasonable agreement with the 
values suggested by JRCEA (1977), as tabulated in 
Table 2.

Figure 15 shows the corresponding lateral 
stresses on the two sides of the preceding tunnel. 
For the stresses on the outer side, a similar trend 
with those shown in Figure 14 is obtained. The 
values are however smaller. On the other hand, 
the induced stresses on the inner side are greater 
than the corresponding vertical stresses given in 
Figure 14 when the clearance between the two tun-
nels is larger than 0.8 times the tunnel diameter. 
A significant drop of stress is observed when the 
clearance is smaller than 0.8 times the diameter of 
the tunnel. Further, a significant difference (about 
20%) of stress is observed between the two sides of 
the preceding tunnel when the clearance is about 
0.2 times the tunnel diameter.

Figure 11. Double-ring model for lining design (Kang 
et al. 2007).
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Figure 12. Design loads for lining design (Kang et al. 
2007).
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Figure 14. Variation of vertical stress along with tunnel 
clearance (after Kang et al. 2007).

conducted using the computer program FLAC 
(ITASCA 2000) for various clearances between the 
two tunnels and various covers above these tunnels. 
Figure 13 shows the finite element mesh adopted 
for the purpose. The forces (in terms of stresses in 
elements) acting on top and on the both sides of 
the preceding tunnel induced by the driving of the 
second tunnel were computed. These forces would 
then be used to compute the stresses and the bend-
ing moments induced in the lining of the preceding 
tunnel.

A Mohr-Coulomb model with non-associated 
plastic flow rule was adopted to simulate soil behav-
ior. The effects of construction and workmanship, 
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With the stress distribution derived from the 
interaction analyses, the software SAP2000 (CSI 
2008) is applied to obtain the resulting bending 
moments and stresses on the lining of the preced-
ing tunnel. Table 3 shows the results obtained for 
a clearance of 1.9 m (about 0.3 times the tunnel 
diameter) between the two tunnels. The bending 
moment and axial force increase about 70% and 
30%, respectively, as compared to those induced 
without the interaction effects.

The results of the analyses will suggest the 
following:

− Spherical graphite cast iron segments (i.e. duc-
tile segments), rather than steel ones or precast 
concrete ones with increased thickness, are nec-
essary for the preceding tunnel lining segments 
for the section of route with clearances less than 
0.5 times diameter between the two tunnels. 
The ductile segments will be 250 mm thick and 
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Figure 15. Variation of lateral stress along with tunnel 
clearance (after Kang et al. 2007).

Figure 16. Typical layout of cast iron lining segments 
(after Kang et al. 2007).

Table 3. Comparison of response of lining with/with-
out proximity effect (after Kang et al. 2007).

Design condition
Bending moment 
(kN-m)

Axial force 
(kN)

Single Tunnel 206 2,630

Twin Tunnels 
(s = 0.3OD)

352 3,335

1.25 m long. Each ring will consist of six seg-
ments with equal size, as shown in Figure 16.

− To reduce driving force effects on the preceding 
tunnel, it should be propped by steel frames for 
the section of the route with clearances less than 
one diameter between the two tunnels during the 
driving of the succeeding tunnel.

− To reduce disturbance to surrounding soils and 
stress relaxation induced by the driving of the 
succeeding tunnel, low-pressure grouting should 
be adopted to improve the soils around the two 
tunnels.

3.2 Case II—tunnels in conflict with existing 
foundations

In the same construction lot as in Case I, this case 
shows that the twin tunnels will pass underneath an 
underground parking lot at Tacheng Park (Fig. 8). 
As depicted in Figure 17, there are a total of 37 
bored piles of 1.5 m in diameter and 42.3 m in 
length installed on the bottom of the raft founda-
tion to increase its capacity against uplift forces. Six 
of them are in conflict with the up-track tunnel at 
depths of about 25 m to 27 m where sublayer III (a 
permeable, sandy silt to silty sand layer) of the Sung-
shan Formation is present, as shown in Figure 18.

Since the shield machine is incapable of cut-
ting through reinforced concrete piles with such a 
large size, the piles in conflict have to be removed 
before tunneling. To maintain the safety of the 

Table 2. Coefficient of additional vertical surcharge 
caused by proximity effects (after JRCEA 1977).

Clearance/Tunnel outer 
 diameter (s/OD)

Additional surcharge/
Vertical earth stress

s/OD > 1.0 0

1.0 � s/OD > 0.9 0.1

1.09 � s/OD > 0.8 0.2

0.8 � s/OD > 0.7 0.3

0.7 � s/OD > 0.6 0.4

0.6 � s/OD > 0.5 0.5
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and resulting settlements in the structure of the 
parking lot. Figure 21 shows the finite element 
models adopted for analyzing the interaction 
effects between the tunnel, piled raft foundation 
and the substructure of the parking lot. Soils were 
modeled as nonlinear springs whereas raft, grade 
beams, and piles were modeled as a series of plate 
or beam elements.

3.2.2 Results of analyses
The results indicate that the remaining piles could 
provide sufficient bearing capacity against the 
redistributed stress. The resulting differential set-
tlement between nodes of the pile head and the 

Figure 17. Plan view of underground parking lot and 
conflicted tunnels.
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Figure 18. Schematic of bored piles in conflict with 
tunnels.

existing structure and to allow workers to walk out 
of the shield machine to remove the sections of 
piles in conflict with the tunnel, it is necessary to 
apply ground improvement around the piles with 
the use of compressed-air as a contingency meas-
ure. Figure 19 depicts pile sections to be removed 
and the range of ground improvement, and Fig-
ure 20 shows the procedures to be adopted.

3.2.1 Analyses for proximity effects
Analyses were carried out by using the software 
SAP2000 for computing the stress redistribution 

Figure 19. Schematic of ground improvement range for 
pile removal.

Figure 20. Procedures of pile removal ahead of shield 
machine.
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surrounding raft is in a range between 1.8 mm 
and 2.8 mm. As to the substructure of the parking 
lot, the additional stresses induced by pile removal 
are found to concentrate in the grade beams. The 
induced stresses in the rest of the structural com-
ponents are negligible. Although additional bend-
ing moments are induced in the grade beams as a 
result of pile settlements, results show that they 
still meet design requirements.

The additional loading transferred from the 
piles that are to be removed is incorporated in the 
lining design. Figure 22 illustrates the load transfer 
of piles to the crown of the tunnel. The results of 
analysis show that the bending moment in the lin-
ing increases by about 60% (Kao et al. 2007) and, 
thus, the cast iron segments adopted in Case I are 
also suggested for the case.

3.3 Case III—tunneling underneath existing box 
tunnels

The case is in Construction Lot CG290, which 
includes the construction of  the G14 Station 

and the twin tunnels to the south of  the station 
(Fig. 8). Figure 23 depicts the 3-D presentation 
of  the case, in which the two tunnels will pass the 
existing box tunnels for Taiwan Railway and Tai-
wan High Speed Rail. It is thus crucial to main-
tain the safety of  the railway operation during 
tunneling.

3.3.1 Analyses for proximity effects
Preliminary 2D analyses were first carried out 
for the presumed most critical cross-section using 
PLAXIS (PLAXIS 2002), as shown in Figure 24a. 
Soils were modeled by Mohr-Coulomb criteria 
under a plane strain condition.

To further refine the analyses and verify the 
validity of the 2-D simplification, a series of 
3-D numerical analyses were performed using 
ABAQUS (ABAQUS 2004). The 3-D structural 
mesh adopted is illustrated in Figure 25.

3.3.2 Results of analyses
From the 2-D analyses, Figure 24b presents the 
computed vertical displacement of the box tunnel 
slab on the basis of two ground loss ratios. The 
maximum deformation for the ground loss ratio 
of 2% (24.4 mm) is almost three times larger in 
magnitude than that for the ratio of 1% (8.4 mm). 
It implies the importance of tunneling control to 
prevent from excessive ground loss.

From the 3-D analyses, on the other hand, Fig-
ure 26 shows the vertical displacement of the twin-
box tunnels induced by the driving of the metro 
tunnels. Unlike the results in the 2-D analyses, the 
variation of deformation along the longitudinal 
axis of the box tunnels can be numerically evalu-
ated. The maximum deformation is on the order 
of 8 mm. A favorable agreement was obtained for 
the trend of the structure response between the 

Figure 21. Numerical models for underground parking 
lot in conflict with tunnels (after Kao et al. 2007).

Figure 22. Sketch of load transfer of piles to tunnel 
passing underneath.

Figure 23. 3-D presentation of twin tunnels passing 
underneath existing box tunnels.
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2-D and 3-D analyses. Since the induced differen-
tial settlement in the slab is below the tolerance, 
it is then suggested a quality construction control 
and monitoring system for the safety of the rail-
way operation.

3.4 Case IV—pile effects on existing tunnels

The case is in the Phase I construction of the Circu-
lar Line, which is an elevated line of approximately 
15.4-km in length with 14 stations. In Design Lot 
DF113, the viaduct is to cross the existing under-
ground Banqiao-Nangang Line of TRTS on Wen-
hua Road of Banqiao City. Figure 27 shows the 
alignment of the viaduct and a typical configura-
tion of the tunnels and the piles supporting the 
piers of the viaduct.

There will be 21 piers (i.e. P15–8∼P15–28) to be 
installed in the spaces between the up- and down-
track tunnels of the Banqiao-Nangang Line that 
is currently in services. The covers above the tun-
nels vary from 11.0 m to 21.2 m, with an average 
of 16.0 m. The clearances between the two tunnels 
vary from 7.0 m to 9.3 m (about 1.1 to 1.5 times 
tunnel diameter). Piles of 1.2 m in diameter are to 
be installed to support these piers. Since the gaps 
between piles and tunnels are as small as 1.5 m or 
even less at places, piles are constructed using the 
casing method.

3.4.1 Analyses for proximity effects
A series of  3-D analyses were carried out by using 
Midas/GTS (Midas/GTS 2009). The finite element 
model covers a region of  120 m*120 m*70 m, as 
shown in Figure 28. Simulation was conducted 
for five major procedures, including initial stress 
state, tunnel construction, pile construction, cap 
construction, and loading of  superstructure. The 
lining and casings were modeled by plate elements 
with elastic modes whereas the soil mass com-
prised of  a series of  4-node-tetrahedron, solid ele-
ments with the Mohr-Coulomb soil model.

Figure 24. 2-D simulation on tunnel excavation (after 
Chao et al. 2005).

Figure 25. 3-D meshed model for case III (Chao et al. 
2005).

Figure 26. Vertical displacement of box tunnels induced by tunneling passing underneath (after Chao et al. 2005).
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Figure 27. Schematic of plan view and typical cross-section of case study (Chang et al. 2010).

Figure 28. 3-D geometric model for case study (Chang 
et al. 2010).

Figure 29. Computed tunnel deformation induced by 
pile construction (Chang et al. 2010).

3.4.2 Results of analyses
Figure 29 presents tunnel deformations induced by 
pile construction. The maximum deformation is 
about 0.6 mm after all the 6 piles are installed. Fig-
ure 30, on the other hand, shows the deformations 

of tunnels induced by loading on the viaducts. As 
can be noted, the maximum occurs in the upper 
quadrant of the tunnel near the piles. Compared 
to pile construction effects, tunnel deformation 
induced by pier loading is remarkably larger. The 
maximum deformation is as large as 2.4 mm. Fig-
ure 31 shows the distribution of maximum vertical 
displacement on the bottom of the tunnel along 
with the construction steps.
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With covers above the tunnels varying from 
11.0 m to 21.2 m (about 1.8 to 3.5 times tunnel 
diameter) and clearances between tunnels varying 
from 7.0 m to 9.3 m (about 1.1 to 1.5 times tunnel 
diameter), Figure 32 sketches the resulting distri-
bution of  maximum tunnel deformation. As can 
be noted, the deformations of  the tunnels decrease 
about 40% as the covers above the tunnels increase 
from 1.8 to 3.5 times tunnel diameter. The defor-
mations of  the tunnels decrease about 8% as the 
clearances between the two tunnels increase from 
1.1 to 1.5 tunnel diameter. From the results, the 
induced deformation remains on the safe side 
required by DORTS (2002). Therefore, cautious 
construction control and monitoring system is 
suggested to minimize the effects of  piling and 
loading on the tunnels.

4 CONCLUSIONS

Proximity effects has become an important issue 
for soft ground tunneling in urban areas. It involves 
complex interaction between soil, tunnels, and 
substructures and, hence, application of more 
sophisticated geometric (3-D) and soil models 
(nonlinear or elasto-plastic models) would become 
popular in the practice. A proper numerical mod-
eling requires in-depth understanding of soil 
mechanics, construction sequence, and theory 
underlying the algorithm. A well organized moni-
toring system that provides invaluable feedback 
data for the design and engineering judgment 
should always be emphasized.
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