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Geotechnical Considerations For Underground
Mass Rapid Transit BSystems

SYNOPSIS: As results. of rapid economic developments in the last two decades, improvement of
infrastructure systems becomes . one of the major development tasks fgr  many metropo%itan areas.
Construction of hew mass rapid translt'systems or ‘extension of existing systems 1is the "most
effective way to alleviate the ever growing urban traffic problem.  Geotechnical engineering plays a
critical role in the implementatlcn of -such systens, particularly for -the underground systems. _On
the other hand, . construction ~ of such systems results in significant. improvement: in the local:
geotechnical practices. This paper uses the Taipei Rapid Transit Systems which is -at present- under
construction to illustrate some of the more significant. geotechnlcal concerns associated with
underground rapid transit systems in soft ground. Discussions are made on the. effects. -of
groundwater lowerinq and recovery, regional subsidence, sodl liquefaction, and presence of gas. For
cut and cover construction, considerations on strength characterization, swelling in the base- of
excavation, pore water changes during construction, and wall friction are elaborated.

INTRODUCTION

Due to rapid economic ‘development in Asia, underground stations will typically be 200-‘to
construction . of new rapid transit systems and

extension of existing 'systems ‘have become LEGEND:
extremely important tasks for infrastructure v UNDERGEIOUND
development for many major metropolitan areas in » o o caace
the region. Geotechnical engineering . plays a s .

CONSTRUCTION
critical role in:the implementation of  rapid @ repor
transit projects. on the  other "hand, e STATION
construction of such- systems results~':in 3

significant improvements in the gectechnical ] S N
practice.  One of the. major rapid transit H PEITOU BEPOY 2 &R

projects currently under construction in Asia is
the priority network of the Taipei Rapid Transit
Systems (TRTS). This paper will use TRTS as - an
example to illustrate the more  significant
geotechnical concerns associated with rapia
transit systems in soft ground.

P el

The first part of the paper descrlbes the ground
conditions within the Taipei Basin. The main
focus is on the nature of -geotechnical
information required for a major project such as
the TRTS. The second part of this paper
describes how design of dlaphragm wall supported
excavations has been refined in  Taipei. The
effect of differences between assumed and actual
ground ‘conditions is discussed in relation to
the performance ' of open excavations .and the
construction of bored tunnels... Finally,  the
implementation of geotechnical 1nstrumentatlon

and monitoring system for the TRTS project
described.
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TAIPEI RAPID TRANSIT SYSTEMS

The prlorlty network of TRTS {Fig. 1} includes
6 lines with a total of 84:7 km of track and 77 s . )
stations. - About half of the stations and -track Fig.1 Priority Network of Taipel Rapid
will be constructed below grade. 'Each of the 37 Transit Systems
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300 m long and between 15 to 28 m deep. In
addition, cut and cover work 1s planned for
crossovers, pedestrian shopping malls and the
like. Most o©of the cut and cover excavations
will be supported by internally braced diaphragm
walls, with a total length of about 45 km of
diaphragm walls. The remaining underground
track will be constructed in 5.6 m diameter twin
bored tunnels. The rest of the track and
stations are elevated or at grade. Majority of
the network is located in soft ground except one
section’ of the Mucha Line which is a rock
tunnel. The main depot is located at Peitou.
Small yards and light maintenance facilities are
located at the end of each line (Fig. 1).

The Department of Rapid Transit Systems (DORTS)
was set up by the Taipei Municipal Government in

1987 - to control the design and construction of

theé TRTS project. The network is. divided into

many design lots with each design lot subdivideq .
into several construction. contracts; - detail
design of each of the construction contradt was -

carried out by detail design consultants. ‘DORTS

appeinted HMoh and Associates (MAA) -as an

independent . Geotechnical Engineering Specialty
Consultant (GESC)
design  work and - to provide -’ - advice  on
geotechnical ' engineéering aspects of the work
during construction. o

Detail design for the project started in 1987

and construction of the project commenced with
the Peitou Depot advance earthworks contract in
July 1988. The entire priority network 1is
planned for revenue operation by 1998. .

SUBSOIL CONDITIONS OF THE TAIPEI BASIN
Regionil Geology of the Taipei Basin

Taipeli  City is located in a triangular shaped
basin in the northern part of Taiwan (Fig. 2).
The Taipei Basin 1s enclosed by the Tatun
Volcanic Group, Linkou Tableland and hilly
terrain consisting of Tertiary sedimentary rock.
There are three major rivers flowing through the
basin; the Keelung, Hsintien and the Tahan
Rivers. These three rivers merge intoc the
Tamshui River which flows into the Taiwan Strait
at the town of Tamshui. K

The Taipei Basin is a tectonic basin which was
formed by the settlement of nappes betwean
thrusts in the foothill range of northern Taiwan
during the Pliocene and Pleistocene periods.
The primary .strata in the 'Taipei Basin are
sedimentary deposits of the :recent Quaternary
period and bedrock formation of ‘the Tertiary
period. The Quaternary deposits can be “divided
into three major formations: the Hsinchuang,
Chingmei and Sungshan  Formations. Basic
information on. these deposits is given in’ Table
I. Most of the TRTS underground construction
works * will - take place in the Sungshan and
Chingmei Formations.

The Chingmel Formation, which 1is frequently
referred to as "Chingmel gravel layer" mainly
consists of boulders, gravel and sand. The
maximum particle size can be as large as 60 cm
or even  larger. In the past, the Chingmei
Formation has -served as the aquifer for deep

to review the  geotechnical .
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well pumping to provide Taipei’s water supply.
This layer also serves as the bearing stratum
for deep foundation supporting many TRTS
structures. However, it should be noted that a
recent study (Fu et al, 1990) indicates that the
nature and distribution of the Chingmei
Formation are very variable across the basin.

The Sungshan Formation which overlies the
Chingmel gravel deposits typically consists of
six alternating layers of cohesive and
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Fig.2 Geological conditions of the Taipei
Basin

in Taipei Basin
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cohesionless soils. Due to.the relatively high
percentage of ‘silt-~gsize particles both in
cohesive and. cohesionless soil- layers, the
Sungshan Formatlon is often referred to .as the
*Taipei. Silt* (Moh and Ou, 1979) ..In_ .general,
Layers VI, IV and II comprise silty clay -and
clayey’ 511t spils Layers V and III are basically
silty sands. The lowermost Layer I is variable
and contalns both clayey. and sandy sublayers. -

Based on collation and. synthes;s of extensive
borehole - and laboratory data, MAA (1987)
proposed subdivision of the Sungshan Formation
into areal zones according to the depositiocnal
environment associated with the three major
rivers whlch flow ‘inte  the. basin.. This
subdivision indicates significant areal
variation within. the Sunqshan Formation (Fig.3).
This geotechnical mapping work has been - proven
to be extremély useful for the planning and
preliminary ‘design for the TRTS projéct. From
an ~overall point of ~ view, . the three. major
stratigraphic cenditions encountered . .in
underground work for the TRTS prOJect are:

f'rélatxvely uniforn T2 area consxsting six

" alternating layers of cohesive - and
cohesionless soils as discussed above, .

- K1 and K2 areas which are. -underlain by
deep’ deposits of soft clay, and

- areds underlain by gravel.

Though this sxmpllfled model Ls helpful in the
plannlng and prellmlnary design . stages, the

HSINTEN RIVER

Fig.3 Location-of Subzones in’ the ‘Sungshan
Formation
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ground  conditions-are in fact very ‘variable’ in
terms . of both. the stratigraphy " -and- "’ soxl
properties. Therefore . ' detailed
investigations were-:carried cut for “final design
purposes. Even. = with- this  additional
information, it is-not possxble to “design oSut”
all the problems involved in the constructidn of
underground structures. varying " ground
conditions will have a SLgnlflcant lnfluence “on
the TRTS constructlon.

Soil and Rock Prosert1es>

Quite extensive geotechnical site investigations
have been conducted. in Taipei in .the past two
decades mainly. -for foundation: design o for
commercial and residential buildings s

geotechnlcal practice usually involves-
samplings and laboratory test; little..i

testing has been carried out;in:.the  pasti® A
number of papers have:been-published to deséribe
the engineering. properties of the Taipei &oils
(e.g.. Hung, 1966; Moh and Ou, 1979; Wu, 1979).
Based on the abundant data accumulated in  the
past, the general soil: properties of Taipei and
the -variation of.soil stratification within ‘the
Basin are well understood. ~ HeoWwever, for ~a
major. project such as the TRTS- which involves
much - difficult, constructions in ‘soft -ground,
further understanding: of the behavior of the
soils. within.. the .Taipei ~Basin "is required.
During the design of the.TRTS project, further
work of this nature has been. - carried but to
ensure  economic:.and. safe construc¢tion ~of  the
project., Ingtead. of describing . the general
properties of Taipei soils, this section  will
emphasize . .on. - information ° required '’ for

construction of the rapid  transit® system’ in
Taipei.

Cohesive solls in Talpei are silty and can;fbe
classified - as CL, with only a small portion
classified as ML and CL-ML. -In the past “local
geotechnical practice relied mainly  ~ on tota}
stress parameters -C and ¢ from €IU teésts: to
characterize the strength of these materials for
engineering analyses, There - was little
consideration: of:the importance of the' stress
history of the deposits. The. ‘results —of
additional studies .carried out for ‘' the® TRTS
project has provided a better understandxng of
the behavior . of cohesive soils in Talpel' and
sonme fundamental- research results on -clay
strength have: been published. in the 71ast ‘two
years (e.g. Chin et al,.1989; Liu et al, -1991).
These studies . verified  that.. the “strength
behavior of~the,cohesive soils of Taipei  could
be well represented in terms -of the stress
history of the material. They also indicated a
significant variation in the normalized strength
behavior . with varying plasticity of -the soil.
Dilatant behavior. of some of the ‘more” silty
materials was; also noted. Effects of- anlsotrcpy
and principal stress rotatien have - “been
observed. The SHANSEP appreach (acronym for
Stress History and Normalized Soil"’ Englneerlng
Properties, Ladd and Foott, 1374) was found to
be particularly useful for characterizing the
strength - of cohesive deposits. Further studies
on strength behavior are ongoing which include

Ko consolidated:drained and undrained triaxial

compression, triaxial & extension and direct
simple shear tests with. varying OCR. Refinemerits
in the interpretation of one-dimensional
consolidation test results have been made' based
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on the strain energy approach  proposed by
Becker - et .al (1987). This approach appears to
provide a reliable estimate of the maximum past
pressure of .the Taipei Silts-despite the rounded
nature of the e~logdy_.curves-for these .soils.
Furtheér "tests to determine in. situ effective
horizontal stresses especially the determination
of Ko with varying OCR, will be ¢onducted at MIT
in a joint research program with MAA. Strength
characterization for diaphragm wall design wiil
be further discussed in -later section to
illustrate the importance of clay behavior in

terms of - open  excavation design . .and
construction.

Most of. the sandy soils in Taipei are classified
as SM...with a high..percentage. of silt size
particles. . Soil parameters -generally required
for TRTS design have.been estimated on the basis
of daboratery tests,. local experience and

empirical correlations based on SPT N-values. -

Further  -refinements - in determining °  the
properties of the sand layers can be expected in
the - future. -0f particular interest is the
application . of the "state  parameter" approach
{Been and Jefferies, 1985} to characterize sSand
behavior. 1In the SHANSEP approach for cohesive
soils, the virgin compression line is used as a
reference .for quantifying. the state  of the
- material in terms. of OCR. -Material properties

such as strength, are then correlated with OCR.
The  state parameter approach for sands: is
similar in concept and uses the steady state
line. as a reference to quantify the current
state . of _a sand. This approach provides - a
rational  basis for estimating sand properties
and also provides a suitable framework for- the
interpretation of din-situ test results such as
cone penetration tests (Been et al, 1986).

Very little is known about the engineering
characteristics of . the Chingmei gravels.
Usually, the strength of the Chingmei gravels
is . estimated based on SPT ' N-values and
correlations developed for other deposits. Not
many deep test pits have bwen put down into the
Chingmei gravel and basic information such as
particle size = distributien is limited.
Drillability for piling equipment and diaphragm
walling: machines is therefore'a major concern
for ‘designers and contractors. Another ‘major
concern related to the Chingmei gravel is its
permeability.. Only a few borehole permeability
tests and pumping tests. have been carried out to
date and the results of these tests jindicate
that the permeability of the gravel can vary by
1-2 orders of magnitude.
related . to the permeability of the Chingmei
gravel indicates that the average:value of the
permeability -in Taipei Basin  is approximately
0.05 cm/sec from a regional point of view. This
study ' also noted that because of the limited
data available and the . expected variability
across the basin, this value should only be used
for preliminary design. Pumping tests should be
conducted before construction for any c¢ontract

invelving significant pumping from the - Chingrei
gravels.

Most of the bedrock encountered along TRTS route
is Tertiary ' sedimentary rock -  except that
andesite is found to be the bearing stratum for
piles. in the Tamshui line.  Some tuff will be
encountered in the southeast corner of: the Basin
on contracts  which involve tunnelling on the

A review of the data
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Mucha and Hsintien Lines. The major concerns
related to  rock properties aré. the shearing
resistance -In -estimating socket strength and

bearing - - capacity for pile; and  barrette
foundations, deformatiqn moduli in  calculating
the settlement  of’ deep foundations,

permeability in evaluating the effectiveness .of
diaphragm walls-as cut-offs, and the ability of
diaphragm walling equipment to penetrate . into
rock. The top few méters of bedrock is
weathered and fractured; rock cores . soften
quickly ‘when wetted. RQD was very low and |is
almost zero in many areas. Therefore, .it |is
difficult’ to". conduct laboratory ~tests to
determine ‘the rock properties. Most TRIS design
has been based on unconfined compression tests;
not many other types of tests have been carried
cut. Current design practice is .still highly
dependent ~upon -‘correlations with SPT N-value
and RQD. It is expected that understanding of
sedimentary ‘rock properties in Taipei .can be
greatly improved - when ' more | large. . scale
instrumented test results become available as a
result of the TRTS project. . .

Field tests have been carried out for TRTS final
design work and have been very helpful in
estimating soil properties and delineating soil
stratigraphy.- In-situ tests included cone
penetration tests,  pressuremeter tests, vane
shear tests, borehole permeability tests, etc.
However, the benefits of these tests have not
been fully realized because of the lack of
established local correlations. For a major
project - such as the TRTS project, correlations
for interpretation of in-situ test results
should be éstablished at ‘an early stage of the
project by the use of either calibration chamber
tests in the laboratory and large scale
instrumented tests in the field. In-situ tests
will also be used for quality control purpose
during constructicon, such as in the performance
evaluation of ground improvement.

GROUNDWATER CONDITION. AND GROUND SUBSibENCE,

History of Groundwater Pumping

Before ' the development 6f the modern city of
Taipei, the groundwater table in the area was
close to the ground surface and the groundwater
pressure was . hydrostatic. Since. the °1950s,
there have .been. 'significant «changes ~“in . the
groundwater . regime, mainly as a result -~ of
extensive pumping from the Chingmel Formation to
supply water for: the city. As is the case in
‘many other cities  where pumping from deep
aquifers was carried out, 'significant ground
subsidence has occurred in the-Taipei Basin.

Typical groundwater pressure drawdown and
associated ground suhbhsidence - data for @ the
downtown area of Taipei are shown in Fig. 4.
Pumping of groundwater from the Chingmei gravel
began in the years prior to 1960. Although the
practice was restricted by the government in

1968, significant pumping continued until . the
mid-1870s when the 'greatest drawdown has
occurred. The water pressure reduction in the
Chingmei gravel was regional in nature,
Thereafter, there has been a reduction ~ in

pumping and there is a trend of recovery of
groundwater pressures in the—gravel. This deep
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well pumping also resulted in a regional ground
subsidence across the ‘Basin. Maximum subsidence
of more than 2 m had ¢ccurred in central Taipei
corresponding te a drawdown of approximately 42
m. Although the main source of water extraction
was  in the central area of the c¢ity, the
drawdown extended to the extreme limits of the
Basin. The associated regional settlement was
consistent. and also extended to the 1limits of
the basin. '

Water pressure reductxon in the Chingmei ‘gravel
caused reduction in :water = pressures in the
overlying - Sungshan deposits, . extended through
Layers I to III. However, Layer IV acted as an
aquitard and essentially preserved hydrostatic
conditions in the ovérlying materials.
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Fig.4 Groundwater Drawdown and Associated
Ground Settlement in Taipei

Groundwater Recovery

As ‘noted above, the water pressures in -the
chingmei gravel have been recovering since . the
nid-19708. Typical data illustrating the trend
of recovery in the‘gravel, based on . information
from the city center area, is shown in terms. .of
piezometri¢ level in the gravels in Fig. 5 (Chin
‘et .al, '1991). Also shown in Fig. 5 are data
from piezometers installed in the Layer III
Sungshan deposits. Initially, the rate of water
pressure recovery was slow. However, from 1981
-until 1988, Trecovery was more rapid with an
average head increase of 2 to'3 m/year. The
recovery trend ~in the Layer  III sands is
generally similar to the piezometrxc level in
the Layer III stratum being about 3 m higher

undoubtedly : the )
“conditions; For the TRTS work,
‘greater excavation depths-and recovery of water
-pressures, the groundwater elevations in'. the
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than the average pilezometric level in the
underlying gravel. Recent monitoring recorxds
indicate that the current groundwater  pressure
dlstributlon throughout the Sungshan deposits is
still lower than hydrostatlc.
fect of Groundwater Recovery on TRTS

Grouhdwater recovery will 51gn1f1cantly
influence future construction works in the
Taipei Basin. Some adverse effects should be
considexed; for example, groundwater recovery
may lead to 1increase  in the liguefaction
potential in sandy soils, ‘increasing difficulty
in <carrying out tunnelling work, reduction in
the capacity of tension piles, etc. For TRIS
works, the most crucial effect of groundwater
recovery ‘is on the ‘cut and 'cover construction
{Chin et al 1981). -

Deep well pumping which was carried out in the
Taipei Basin in the past and its associated
effects have been beneficial - for previous
excavation works in the cxty. The inverts for
typical basement excavations in the city center
area were generally well above the groundwater
elevation in the lower Sungshan deposits. Thus,
groundwater -cortro}¥ measures were not usually
required for excavations. Performances of these
braced excavations were reasonably good in- terms
of wall deflection and ground movement. A major
factor « which lead to this good performance was
favorable q:oundwater
because of

lower Sungshan Formation will be well above the
excavation 1nverts. ‘Therefore, ~control = of
groundwater will "be crxtlcal in achieving
stability~ of the walls and lim;tlng wall
deflections. -

The past regional pumping has also had other
beneficial effects for TRTS work, mainly because
the ' lower Sungshan deposits have been
overconsolidated. Compressibility of cohesive
solls -in the overconsolidated range is usually
10-20  percent - of - that: "inm the normally
conisolidated range (Ladd, 1973). Since pumping
assoc1ated w1th TRTS construction w111 ca
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less water pressure reduction over a  shorter
period than has occurred in the past, the
overall effect of groundwater drawdown in the
soils qutside the excavation areas should. not
result in very 1arge surface settlement.
However, around the edge of the Basin,#* large
surface settlements may occur due <to TRTS
construction because the soil deposits™at the
edges of the Basin may not be as over-
consolldated as in the central area. )

For cut-and-cover ‘const;uction of TRTS, .. the
groundwater pressure ig critical to the basal
stability during corstrdction. In addition, the
groundwater pressure during excavation. controls
the strength of the s0il and thus significantly
affects the performance of the diaphragm wall
and asgssocliated ground settlement., Cthequently,
groundwater pressure must be strlctly controlled
and continuously monitored durzng constructlon.

‘GEOLOGICAL HAZARDS

Major | geologlcal hazards . relevant . to TRTS
project | are natural and man—made obstructions,
soil 11quefact10n and’ gas emission. -

Natural and Man-made obstructions -

Due to the complex. depositional environment
during formation of the Taipei Basin deposits,
many unexpected obstacles are 1likely to be
encountered during tunnelllng and .excavation

work. A buried tree trunk a few meters  in
‘length has been observed in an axcavatlcn .@ite
adjacent to the TRTS Troute. Also,’ many

constructed facilities. have already been . built
along the route '0f TRTS. These natural and man-
made obstructions could cause problems,_durxng
shield tunnelllng and dlaphragm walling.

Soil Ligueféétionl,

Soil liquefactlon affécts the design of ‘the TRTS

work in that it can lead to increase of lateral
loads on side walls of’ underground structures,
loss of lateral support of piles,.. increase of
uplift force acting on the bottom of structures,
etc. Therefore, assessments of liquefaction
potential have been made for all contracts! Most
of the lliguefaction assessments have, followed
the traditional simplified approach proposed by
Seed et a)l (1984) which is based on an empirical
correlation between the 1mposed .eyclic shear
stress ratic during a seismic event-and the SPT
N value of the soil deposit. However, the sand
deposits in Taipei are quxte silty, and only
limited data are included in the empirical data
base for silty sand deposits.

Based -on the present state of knowledge and
available information, it is difficult to make a
conclusive statement oh the risk’ of liquefacticn
of the Taipei sandy deposits. However, it is
considered that only a small portion -of the
Layer V silty sand is likely to  liquefy under
the maximum credible earthquake with a ground
surface acceleration of 0.18g. 1In the analysis,
the groundwater level is a critical factor. If
the groundwater table is assumed to lie near the
ground 1level, a significantly large volume of
soils could possxbly llquefy.
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There are other uncertainties regardlng
assessment of liguefaction  potential. For
example, the use of a single value of  ground
acceleration is regarded as appropriate. for. the
purpose of designing general structures of
common use. However, for an importaht project
like TRTS, site specific_ .characteristics of
seismic motions should. be thoroughly
investigated and duly considered because :TRTS
will stride broad areas with very different
geological subsurface conditions. Furthermore,
site specific information on cyclic strength. of
solls can be obtained only by means of: carefully
performed cycllc triaxial tests on . good. quality
undisturbed samples of .  sandy &soils.  Further
studies involving cyclic shear strength tests on
Taipel silty sands are reguired. . The use of SPT
N values for characterizing sand strength also
has® its limitations <due to  the poor
repeatability of the SPT. Recently, use of cone
penetration test has been recognized as a more
reliable . means for evaluating ., ligquefaction
potential mainly because of the repeatability of
this test. A comprehensive in-situ test program
is required to develop. correlations between CPT
cone resistance and the cyclic strength of ‘the
Taipei silty sands.

Gas

Gas has been encountered at six® different
locations during site investigations in the
Taipei Basin (Woo and Moh, 1990). There . have
also been several verbal reports of gas being
encountered during drilling and construction
work - in Taipei. Although only at one location
the gas was positively identified as methane,
given the environment of the Taipei Basin, which
includes: coal  segams within the sedimentary

rocks, it seems reasonable to conclude that
majority of the gas encountered contains
methane. Methane is dangerous because it forms

an explosive mix with air at concentrations of
between 6 and 16 -percent. Whilst poisonous
gases become progressively safer when mixed with
air, methane becomes, initially, more dangerous.

There' 1s no clear pattern of gas occurrence in
the Taipei Basin apd all -areas should be
considered areas of potential methane hazard.
Therefore, all tunnel constructions,
irrespective of the ground conditions, should be
checked for methane. Where tunnels are in
ground with a known - risk of encountering.
methane, the level of checklng needs , to be
greatly enhanced. ) )

Even if large reservoirs of methane are not
encountered during construction, there is a risk
that methane could be present in -~ “the
groundwater. Groundvater entering . tunnels .or
other underground structures could result in a
slow build-up of methane in unventllated areas.
This risk  will be primarily to "the _operating
railway rather ' than to ' the work during
construction. "In order to _ identify the
potential for this problem,. it is necessary to
take water and air  samples. for. . laboratory
measurements for very .low concentrations of
methane. Although this is primarily a risk to
the operating railway, .this testing program
should start during constructxon to identify
particular risk areas and. to take _precautionary
measures at approprzate time. -
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CUT-AND~COVER CONSTRUCTIONS -
General -

The general standard -of - local ~geotechn1cal
engineering practice with respect to design of
open excavations has - been significantly
improved as the result . ‘of. “‘design - and
construction of the TRTS project. This is not
surprising since the construction of the 'subway
is a very major challenge. 1nvolv1ng extensive
excavations .in soft ground in a built wp urban
environment. ~Also this project has ‘provided “the
opportunity: to :.collect.: ‘relevarnt information
based on - past  experiences "in a - systematic
manner. The intreoduction of ' new coénstruction
techniques will also result in improvement in
ground construction technology. WL

The following sections will use the -design’ "of
open. 'excavations. to illustrate the: nature of
changes which can occur:ags.a result ..of design
and constructlon of a- rapld transxt project.

Design Considerations.

A very large proporticn of the TRTS project

involves underground construction by cut and.
include

cover = techniques. These structures
stations ‘and associated entrances, together with
crossover, running tunnels-and various types of
shafts. Therefore, design of open excavations
is a very important part of ‘the project. The
methods which will be used to support. most of
the deep open excavations for the TRTS project
will follow traditional Taipei practice, 1i.e.,
using 1nternally braced diaphragm wall systems.

From a geotechnical viewpoint, the. . design of
diaphragm wall supported excavations requires
accurate . representation of  the. stratigraphy,
correct interpretation of soil properties, 1in
particular soil strencth and some basis on
which to judge if the predlcted performance is
reasonable. The current practices Telated to
these three aspects are briefly reviewad below.

(1) stratigraphy - Even before the TRTS design
work began, there was a §oBd understandlng of
the nature and distribution.of the soils in the
Taipei Basin, which formed a very goocd basis
for planning the work and for pteliminary
design. Additional site. spec;flc ‘investigations
were carried out for detailed design of the
individual lines and structures. However, this
additional work did not significantly change the
exlsting geclogical model of the Taipei Basin.

(2) Past experlences — Many basement excavations
have been constructed in Taipei in the past 20
years and good monitoring records are. available
which provide valuable information as to how
TRIS excavations will perform. The TRTS project
provided the opportunity to summarize the
extensive information collected on: individual
projects. in the past. This information was
extremely valuable in assessing the rellablllty
of analytical predictions which were commonly
used in local practice. It will . be greatly
augmented by the massive "~ TRTS monitoring
results and will become an lmportant .source of

information for the interpational geotechnical
community.

congistently
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{3): Soil Properties - - Determlnatlon and
selection . of strength parameters ‘of soils are
probably the most important step in = designing
diaphragm walls. "It is the area where most of
the changes in ldcal practice took  -‘place. In
the " .past. 20 .years, many wall deSLgns were
carried - outon a largely empirical basis which
used a c-9 approach to define soil strength.
Depending on the computer  program . used,
different. assumptlons were made”  regarding
friction between the®wall &nd = the ° surrounding
soil, distributioh of water pressures  and

development -of stiffness of the soils. These
local- émpirical  methods _seemed . to provide
reasonable - predictlons ‘for typical basement

excavations although some predictions were
inaccurate, for example, bending
moments. In the initial stages of " design. ‘of
open ‘excavations for the TRTS project, .concern
arose that despite its: past successful use, the
traditional empirical approach”“might  not be
appropriate ‘bBecause the TRTS structures would
be: ° . ’ - N

=~ significantly deeper, o

-~ open- for  ‘longer periods .and therefore
more swelling and weakening of the soil
in' - the base of "the excavation would
oceur, o o T

- located, in some “case§, in areas of
mainly clayey soils (i.e. the . X1 area)
where - there -was’ very. limited  past
experierice ‘using, the, emplrxcal approach
and “where some fallures of .excavations
htave occurred, and ) e

'—*sub]ect to quite ,differént~ groundwater
conditions than  has been . in the
past cases. . e e

As a result ‘of thése déncerns,;‘fa more
fundamental approach was deéveloped -for wall
design. which = involved the consxderatxon of
swelling - during excavation, effect of wall
adhesmon/frlctlon and strength characterxzation.

»Swelllnq in_the base‘df excavaticné

One of the first decisions that the ' designer
must make ‘is how to represent the  strength. of
the 'soil. 'The basic questlon is the degree ‘of
swelling' which will occur in. the .passive - zone
over the tiwe that the excavation. ,stays open.
5welllng {i.€. the component of wolume . incriease
in  addition to elastic rebound):. occurs as a
result of ‘unloading due to the excavation which
causes - & decredse in porewater . pressure ' below
‘the amblent pressure. With time, flow of water
takes ''place ‘and the soil. takes - in - water.
.Eventﬁally,v the water pressures equalize”uand
swelllng is complete. [

The rate at which swellxng occurs depends on the
following factors' )

- coefficxent of . consolidation. of the
material in the passive zone c ).
Laboratory data indicate that this vaYue
can 'Vary sxgnlflcantly for_ the Tadpei
silts. Yet, with good quality samples
and a clear understanding of. the - stress
history of the deposits, it should be
possible to make reasonable estlmates of-

~othesdn-situ ¢ . ;

~7length -of thd “dralnage path“ (i.e. how
far the water has to travel through the
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soil}), Even with = very detaliled
investlgaticn, not . all of the layers/.
lenses of coarser soils could be included
in the analyses. This has a major effect
because  in the calculation of degree of
swelllng, the "length' term is squared.
- time. that the excavation - remains:

.open. .

For TRTS excavations in the T2. area, analyses
indicated that complete swelling.would occur and
strength should be defined in terms of effective
stress. These  predictions were..confirmed by
field monitoring  data. In effective stress
analyses, the’ grcundwater pressure has a - very
important influence ¢n the. computed strength and
thus has a. 51gn1f1cant impact on the K estimated
wall 'deflection and settlement of adjacent
structures, A. comparison was made (Moh et -al,
1989)  to illustrate the significant effect .of
water ‘pressures on wall deflectionm. Figure &
shows a typical station configuration: of : TRTS
with two water pressure profiles:

- Ul is the profile resulting from pumping
from .the. . passive .zone .- within the
excavatlon. e

- U2 ‘iz’ the proflla without .groundwater
control  and, as shown, reflects. higher
water pressures. R

As 1nd1cated by the results of analyses, the
maximum ‘deflection assoclated with the higher
water pressnre profile (U2} is apprcxlmately 1.5
times greater than that for - the lower water
pressure profile (Ul). “For many excavations, it
was ~found  that water _pressures . have to be
controlled (i.e. lowered to below the level that
would occur naturally during construction) in
order to achleve acceptable performanca and to
ensure overall-'stability. It i§ vital that
during censtructlon the ccntractcr achieves the
groundwater” ‘Pressures assumed in the- design. If
they are hlgher, . .wall .. deflections .. . and
sattlements " will be hlgher and in the extreme,
it is quite possible that overall failure of the
excavation would occur.

For the KI area, the degree of swellxng of the
cohesive - deposxta below the excavation level
centrols - the ‘passive resistance of the soil .and
thus influences the: performance of the dlaphragm
walla During excavatlon in cohesive soils, a
negative excess pore pressure increment will be
induced in ‘the passive - zone. ", Swelling  and
strength reduction  will *then take place. with
time. Provided that the degree of swelling can
be - reasonably estimated, the shear. . strength
reduction in ‘“the passlve zone can be fairly
reliably -estimated using the SHANSEP . approach

Results of apalyses (Chin et al, 1991) indicated
that, compared with the . fully undrained
condlticn on - the passxve side . of excavation,.
there 1is an approximate 20 percent increase of
the maximum wall deflection if the degree of
swellxng reaches 50 percent (Fig. 7).

It should be noted that analysis"of problems,

involving the coupled processes of swelling and
transient flow is very difficult.. Due, to the
uncertainty in estlmatlnq the degree of. swellan
and its 51gn1f1cant influence on wall. deflectlon
and -overall stability, pore water pressures in
the passive zone must be continuouslyt;mﬁnitored
during excavatxon.‘ i ) TR
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a esion and w jctio

Wall adhesion/friction will reduce the . earth
pressures acting on the active side and increase
the earth. pressure on the .passive side. This
reduces - .the.lateral movements, and thus ‘has - a
slgnlflcant impact on diaphragm wall design ‘and
building protectlon assessment.

Usingvthe case presented in Fig. 7, a COmpa:ison
was made between wall :deflection assuming - that
no wall adhesion develops and assuming that wall
adhesion equal to 2/3:0f soll strength develops.
The . results indicate<that. lateral movement of
the wall. assuming no.friction ls- about twice
that of -the case wnen wall adhesion is anluded.
The degree to whlch,swall adhesicn]frictlon
develops during construction is difficult to
predict. Furthermore, ‘very little information on
this . important topic for' cohésive solls “is
available-on.a worldwide-bBasis.” Therefore, ‘test
sections - -of instrumerited diaphragm wall' panels
are recommended to be included in some of the
TRTS construction contracts. . B
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Undrained shear strength characterization

The major factors affecting the undrained
strength of clay deposits are anisotropy, strain
rate, stress history and sample 8isturbance. UU
and CIU test cannot take all these factors
account and problems assocliated:with theSe tests
have been discussed in  the :soil ‘méchanics
Aiterature. for many vyears. .. In ‘
conducted  an  extensive study together
Professor’ C.C Ladd of HIT on the
strength characterization of cohesive Taipei
deposits for diaphragm wall design. This
again demonstrated that the use of UU and CIU
tests  is not satisfactory for the Taipei

and the SHANSEP approach was recommended
1989).

with

(Ladd,

SHANSEP is applicable to . recent unstfdétured
cohesive deposits -where. the . mechahism
caused overconsolidation is mechanicali Cohesive
Taipei soils were. - depositedsn i such an
environment. Results of some prellmlnary studies

(Chin et al., 1989; Liu. et ak.,” 1991) further
indicate that the .cohesive . Taipei -soils -do -
exhibit normalized behavier:.and the SHANSEP

approach can be applied. The implementation of
SHANSEP will be more fully developed during a
future study associated with the: TRTS project.

Though full appllcation of SHANSEP has not yet

been implemented on the project, the importance
of strength anisotropy has been recognized
particularly in areas of thick soft clays.

Below the bottom of excavatlon, the wall moves
inward and the soil is sheared in a plane strain
passive mode. The undrained shear: strength in
this mode of shearing is very close to that

obtained in a Ko-consolidated undrained- triaxial:
excavatlen, the"
‘soil

extension test. Qutside the
wall moves toward the excavation and the
element experiences a plane strain active mode
of shearingi:  The undrained shear ‘strength in
this mode  of shearing is very :'c¢lose  to
obtained in a. Ko consolidated undrained triaxial
compression test. Preliminary results-
that the strength ratio, (i.e. undriined

by the vertical effective- consclidation stress),

is .about 0. 33#0.03 and 0.19+0.03 for compre551on

and extension modes of shearlng, respectively.

SOFT Gnounﬁ TUNNELLING

There are_ a great number -of ways in ‘which ground
conditions

TRTS project.
below.

Some . of ‘these  are’ discusged

Settlements due to. Shield Tunnelllnq

One of the major factors assoc1ated ‘with- bored '

tunnelling for the TRTS project is the- magnltude
of ground movements and associated™
which can affect exlsting structurés.
prediction
extremely ' difficult and the ~actual settlement
which . occurs 1s largely- dependent on the
tunnelling method used* and‘® the ‘quality of
wcrkmanship employed.:
variation in local ground conditions.

Accurate

Consider the situation wheréf*a

shear-
“into ™

1989, MAR’
stress~strain--
study -

silts

‘that -

that

indicate;'
shear
strength at normally consolidated state ‘divided’

will affect tunnelling work for < "the |

settlements

of settlements:due to tunnelling is .

‘A further™ factor is,‘

closed face ™
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machine is used whlch ls expected to*be a ‘common
sitiation on the TRTS project, _most .of the

settlement during tunnelling  through the "
Sungshan deposits‘ will be the ; result of “:the
ground closing -in.around the completed Sliner
when the shield is shoved forward, : (i.e. the
ground collapses into the space between the
shield and "the  1lining). If . the . soill .can’

support itself until the annulus. is grouted -then.
the settlement will be much reduced. However,
if’ the soil has little or no stand-up time, -
settlement will occur régardless of how :quickly
grouting behind the Llngs is carried out:s ‘This:
will likely be the case in the soft Ki area.. o

In - the T2 area where,751gn1fxcant lengths~ of .
tunnel are to be driven- through the . Layer 1IV-
silts, it is not well known how the ground will
behave. This material is silty and tends to
dilate when it shears. In ‘the short term, -
dilation results in increased strength due to
negative pore water pressures. chever, these
negative pore water pressures dissipate - \rapidly:
with time and the soil becomes weaker.  Strength'®
data for the Layer IV silts show that the degreé’
to _which the material dilates during shear: is
very variable depending on its gradation’ (Fig.
8) . Thérefore;. even relatively small:local -
variations in material type will probably have a
major effect on settlement over tunne‘s. o

Muck Handling

Another aspect of tunnelling where the nature of
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the material plays an 1mportant role is in the.
handling - of the -spoil. " The two main types of
full face machines which are likely to be used.

on -the TRTS project, are the earth pressure
balanced: machine (EPBM) and the slurry machine..
The spoil from an EPBM is removed from the
using a screw type feed and’ carted out
tunnel in muck cars.” In the slurry machine,
spoil is-© transported out ‘in - slurry  form
separated on the surface. There is a

problem  with “slurry transport in that
spoil "is.. plastic, it will tend to form
lumps which would block the slurry pipes.

and
potential

Fron

reports of local tunnelers, this has Happened in

Taipei -soils. However, it i% not clear at this
~time exactly at what degree of plasticity this
problem would occur. Again, ‘vat
terms

factor in the slurry transport of spoil.

; ed Face Condltlons v

1ocali%variations in
-on tunnelling will be  most
tunnel passes: throuqh mixed ground -

This is a'major consideration
particular’ TRTS contract where ‘the

The - effect of
conditions
where - tlre
conditions.

one 1.3 km

face
of the
the .

if. the.

into |

local variation in =
-of.  plasticity can be expected to be a _

ground. .
obvious

for

tunnel will pass: through very  varied conditions

such - that at ‘any time there may be 2 or 3

material types. in the: tunnel face (Fig. 9). The
actual nature = and ~digtribution of these
materials will have a eritical

- tunnelling progress.
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Varlable Ground Conditions along a
TRTS Tunnel Section

Obstacles

Finally, there is the problem of the tunnel
encountering unexpected obstacles. For example,
tunnels through gravel will 1likely encounter
boulders; normally a tunnelling machine will be
able to cope with boulders up.to about. 400-500

mn. However, little is“known about the size of

effect on
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boulders.. in. . the. Chingmei deposits = and:. larger
boulders may be encountered. If they are, the
operation must be halted and the/boulder removed
manually. -Boulders are not.the only obstacles
that tunnels. will -encounter; as discussed
prevxously, buried tree trunks-have been found '
in thie. Sungshan formation.  Also, there will ' be
man-made pbstructions along the route; the exact
location, » depth and nature of these obstacles
can never be really known precisely and” ,could
pose serious problems during constructlon.

DA§EB§§$QE

The message that,the authors attempted to convey
in . this . presentation v is - that design for
underground construction is based on simplified
assumptions regarding the nature.of the ground
and behavior of the soils. ~In reality, it is
1nev1table that conditions in the field- would be’
quite.  different than expected., In- some cases,
the. effect of the dififerences’ between  assumed
and actual conditions will be 51gnzflcant. . The
owner, designer, consultant and contractor ® must
be. .prepared _for. these situations. '~ Harding
{1981) stated thls message as fOllOWs"'

"In most c1v1l enqlneerlng works worthy of the

name the: unexpected happens; to be prepared for

such  eventualities and to forestall  their

effects is -the. test of good <constructional
practice." o C

GEOTECHNICAL & INSTRUMENTATION AND °© MONITORING

SYSTEMS FOR.TRTS - .

As the TRTS pro;ect 1nvolves ma]or construction

work that' is.located in- - densely populated
urban area. and .may affect. the local environment,

it. is .very important . to maintain gqod‘
engineering practice through both design and
construction stages. Following the concept of
the -'"observatiomal approach" as suggested by
Peck {1969),  -the -implementation of an
approprlate geptechnical'_instrumenta&ion -and
monitoring .system for the TRTS ‘is :considered
critical. Slgnlflcant effort has been. .-invested
by GESC to. develop project quldellnes - and
systems whlch include. the following: to
establish the procedures for various
organizations to follow during design and
construction; te set up guidelines for selection
of instruments for compatibility with the system

requirement; to prepare specifications and
other contract documents related to
monltorlng," and to plan the project' system to

gather/transmxt/report/store/analyze the data._

etailed Desjign of strumentation System

The detailed design consultants for the TRTS
were responsible to carry out the :
geotechnical instrumentation and monitoring’
systems for each construction contract. This
includes selection of the instruments,
prepardation of the special provisions, locations
of | instruments, monitoring fregquency,; ‘and
settjng the alert. level and action limits. based’
on  predictions of behavior. It should be noted
that instrumentation design shown on ~“the
contract drawings is regarded only as a minimum
requirement for construction and the contractor
may need to add more instruments and/or increase

design of'*
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the freguency of measurements when necessary.

A large variety of monitoring dev1ces have beeh -

specified. for the TRTS project.

These include
almost

every instrument avallable on * the

international market to measure’ “groundwater

pressures, displacenents, settlemants,
and load- (Table II}."

stresses
The general speclflcations

require that all instruments must be able " to
adequate capacity to cover the ranqes
in magnitude 'of the parameters tb"- be: motiitored,

provide
supply reliable data for the duration of the

construction, and be eéasily : recalibrated,
maintained and repaired. - : o

Table II Types of Instruments Used in TRTS

Construction
OBSERYALION WELL
GROUNDHATER
LEVEL/PRESSURE .
’ . OP[H STANDPIPE
PlEZUHETER PHEUHATIC
. LLLCIR!CAL .
IN SOIL/ROCK
T INCLINOHETER { L
- lH DIAPHRAGH WALL -
N -k TILKHETiR CoT o s -
DISPLACCHENT o B
- CUNV[RGCNCE HETLR
- CRACK HETER/GAUGE
DENCH MARK |
URTACE TYPC
- SETTLEMENT POKNT/HARK[R SIRUCTURE TYPE
- . U!IL!TY TYPE
SETTLEMENT < : :
EEP SHBSURYACE
— SETTLIHENT INDICATOR {:
SHALLOW SUBSURFACE
SINGLE
~EXWMWMHER—[
’ HULTIPLE
“ HEAVE STAKE i
— EARTH PRESSURE CELL ;
~ | REDAR STRESS TRANSDUCER. . . =
LOAD/STRESS | VIBRATING -WIRE
. SIRA!N GAUGE -[
RESISTANCE ~
~ LOAD CELL
Location: of 'mon;toring instruments _~ and

installation details are shown “in detail on the
contract .. drawings.

planned to provide reliable “and meanlngful data

so that they can be used to assure the safety of
construction and to preévent damage of. adjacent

structures. - Of particular ‘concerns are ‘several
critical sections of shield tunnelling under or
immediately adjacent to existing structures  and

deep cut and cover station construction in " soft

ground. . .adjacent to existing - buxldlngs. These
sectionsare always: exten51vely 1nstrumented as
indicated. in . Figs. 10 and -11, respectlvely.
Monitoring frequency is speclfled either in  the
drawings-or .in the ‘specifications: It should be
noted that for such a project each constructxon
centract will take 3 to 4 years to complete, it
is  necessary .‘to specify dgifferent ‘monitoring
frequencies -for ‘each instrumént -at various
stages.of construction. During constructlon the
GESC will assist. the DORTS engineers to
supervise contractors installation of the
instruments, to carry out check monitoring, - teo
interpret and to analyze the data.

Layout ~“of ' instruments ‘is-
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The specified alert levels and action limits  of .
monitoring data ~ of each instrument are
established for the purpose of signhaling  proper
actions which should be taken by sxte englneers.1
In general onée the alert level” reached),
site engineers should check the readlngs, tike®
more fregquent’ readlngs, review the analyses, and.
be ready to take” appropriate actien. Once the
action limit is approached, certain construction’
activities may have to be ‘¢hanged and | building
protection measures may need to be implemented.
It is important to bear in mind that the purpose
of ;-the alert levels and action " limits is 'to
provide site engineers with an "early :warning®
system in their review of monitoring data.
Whether action and/or protection measures should
be taken is 'still highly dependent on  the
conditions at slte."

aces st
Contractors are requlired to monitor all of the
instruments according to the designa?ed
frequencies - and submit the results on.a .dally
basis. Independent check readings and review of
contractors’ results will also be carried out.
The GESC will be responsible to store all
submitted data, make independent analyses of the
monitoring data and provide advice to DORTS. It
is estimated that approximately more than
30,000,000 items of monitoring data will be
collected during TRTS ~priority network
consgtruction. Establishing and operating a

LEVATION, m

Tse] T
kil

e

b
s o

20 -]

Lt

F;g 10 A Typical Honltorlng Instrumentatlon
: - Layout for a Tunnel Section .

N S| S : 5
e 1 r 2k
L 3
YR I r y LEGELD: :
. ™ 1 4 -
. : L b cnﬂmmunﬁrcmmn
w1 N | g
atll i e N ‘EASAGRANDE ‘hrrz rmm
i : . Tummtzhummtwmm
: Rl - o * RENFORCING unnms1mﬁmxm
. b
oV epo o fed ’amm TOTAL r—stm cu;
el E ZELECTRICIL PEZOETER
- L
wtned ] ¥ R ‘ ﬁ|w‘_rmummm;.l.,
i © hamencn .H NOUNCHETER. R SOt
LWALLS . co s

Flg 11 A Typxcal Monxtor;nq Instrumentaticn
" Layout £or a Cut-and-Cover Section



Za~Chieh Moh and Chung-Tien Chin
Moh and Associates, Inc.

computer based data processing system to handle
allfthese data is clearly an important task.

GESC 'has set up a data proce551ng system for
TRTS geotechnical instrumentation and monitoring-

program (Flg. 12). The.data = processing  system

will mainly ‘consist _of - an . Integrated . Data

Storage Center (IDSC) located at GESC’s office

and many monitoring stations located .at- sites.

(i.e. approximately one monltorlng station for
each 2 3 constructlon ccntracts)
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Since most of the TRTS instrumentation data will
be manually collected, site engineers have . to
key~in almost all readings into computers.on a
spreadsheet report. A "macro": has been designed
for each instrument so that engineers - are
required to ‘spend only a minimum amount .of
effort to key in.the readings. The processing
code will calculate the results, .generate the
report, produce a condensedi file that can be
used to transmit the data to IDSC and store the

data in monitoring station’s data base, and make .

a comparison sheet showing abnormal readings and
readings reaching alert .levels .and action
limit;. - The data base system which. has been
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developed . includes storage, retrxeval, - display

and malntenance as its majer functions.

Engineers can. readily  recover data.- for: any

instrument during. any period  from this data base

to carry out analysis or to plot it according to

the specxfied format.. The data transmission

between IDSC and monitoring stations ‘are through

the PIPMAIL (Public = Information Processing)

system which is - an _ electronic mail _.system
provided by . the Directorate. . .General .:of

TeYecommunications of ‘the R.O.C. All monltaring
statlons are requ1red to pack all of the data,

which will ‘ include many data . -from many
instruments on different constructlén contracts,

into one file, and send this packed file into
the *"mailbox". Engineers at IDSC will 'get this
file from the "mailbox", then unpack :.the file
and put the data into the data base of the IDSC.

Without PIPMAIL and the "pack/un-pack" program,

it . would  be . extremely . difficult - to
systematically and economically gather all data

frcm so many job site offices.

IDSC will handle all TRTS data collected from
different monltorlng “'stations. - The database
system at IDSC is exactly the same as that used
in. each monitoring station except that the IDSC
database deals with much more data than any
individual monitoring  station. IDSC is also
responsible for the back up of all the data ‘of
TRTS. In addition, more advanced, .sophisticated
and system-wide analyses will be conducted ‘at
IDSC whereas some basic and simple analyses only
related to a limited area will be conducted at
monltorlng station . level. IDSC is also  the
control center to dispatch monitoring data to
relevant organxzatlons of the TRTS project.

SUMMARY AND CONCLUSIONS .

In, the past, like in many other parts of the
world, design of cut-and-cover construction for
underground structures.in Taipei area has been
largely based-on a semi-empirical approach. Due
to. significantly deeper depth’ of excavation,
longer pericd for construction, -limited past
experience in- some areas and recovery of the
drawdown of watertable, design of cut~and~cover
construction for the underground rapid transit
systems . in Taxpel has to .consider the problems
of changes in pore water - pressures, -swelling in

the base of excavations, and. wall. adhesion/

tflctlon. ‘The SHANSEP approach has been -found
to be useful in characterizing the sttength of
Taipei | deposits. .. . The importance: of
gbservational method in underground constructlon
is emphasized.,

One of the important message which the authors
attempt to convey. is that design for underground
construction must be based on certain simplified
assumptions regarding the nature of the ground
and ' behavior .of the soils. .It -is-not possxble
to design for every ccncexvable condition:i Tt'is
inev;table that conditions in the field could be
quite dlfferent from that expected. . The '-entire
team consistlng of the _.owner, . designer,
consultant  and.contractor must be prepared. for
these conditions and . must: work . together ‘to
resolve any possible problen. o
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