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Bored tunnels

C.W.W. Ng

Department of Civil Engineering, The Hong Kong University of Science and Technology, Hong Kong SAR

ABSTRACT: This General Report reviews a total of twenty five papers relating to bored tunnel construction,
its influence on ground deformations and tunnel interaction with other geo-structures in the 5th International
Symposium on GeotechnicalAspects of Underground Construction in Soft Ground.These papers may be broadly
grouped under five sub-themes or headings: (a) case history and back-analysis, (b) study of interaction effects, (c)
investigation of face stability, (d) assessment, measurement and analysis of ground deformations and, (e) influence
of grout and muck properties on the construction of bored tunnels. This report is intended to highlight main
features, key findings, and perhaps to raise queries and concerns of reviewed papers as appropriate. For details,
readers are strongly encouraged to refer to the original papers.

1 INTRODUCTION

A total of twenty five papers, which cover a wide
range of topics related to bored tunnels, are accepted
and included in this session. Since the contents cov-
ered by the papers go far beyond just construction, the
word “construction” is therefore dropped in the title
of this General Report in order to avoid any confu-
sion and ambiguity.Among the accepted papers, seven
are from Asia, fourteen are from Europe and four are
from the South and North America. However, none of
these papers is from Australia and Africa. Some effort
seems to be necessary to encourage contributions
and active participations from these two continents in
future.

According to technical contents, the papers sub-
mitted may be grouped under five sub-themes or
sub-headings: (a) case history and back-analysis, (b)
study of interaction effects, (c) investigation of face
stability, (d) assessment, measurement and analysis of
ground deformations and, (e) influence of grout and
muck properties on the construction of bored tunnels.
A list of papers grouped under each sub-theme is given
in Table 1. A wide range of research methodologies
such as field monitoring and centrifuge modelling and
predictive tools including empirical method, numeri-
cal analysis, analytical and statistical approaches are
used by various researchers.

This report does not intend to cover details of each
paper but it highlights main features and key findings
and raises queries and concerns of reviewed papers as
appropriate. Readers are strongly encouraged to refer
to the original papers for more details.

2 CASE HISTORY AND BACK-ANALYSIS

Autuori and Minec describe and discuss major
geotechnical challenges at Groene Hart tunnel, which
is part of the Trans-European high-speed line (HSL)
connecting Amsterdam, Brussels and Paris. The
Groene Hart tunnel is located at the Green Heart of
Holland in the Netherlands. The tunnel was a 15 m
diameter single tube TBM tunnel constructed in satu-
rated loose sand under high ground water conditions.
At some areas along the route, a layer of about 0.7 m
thick peat was found at 8 m above the tunnel (see
Figure 1). The stability of the tunnel cover and pos-
sible formation of local cracks in the peat were two
major concerns for designers, in particular, the con-
cern over possible connection of clean free water and
polluted artesian water through local cracks, which
might be induced as a result of excess pore pressure
generated during the TBM construction. Comprehen-
sive instrumentation including 13 settlement gauges,
2 extensometers and 19 pore pressure cells denoted
by Ws in Figure 1 were installed to monitor ground
and pore pressure responses. The measured field data
were used to validate finite element analyses of the
tunnelling process and to verify and justify any mit-
igation measure. The concluded mitigation measure
was to increase vertical load at the peat/sand interface
by placing backfill at the ground level (1 m high and
24 m wide).

de Queiroz et al. back-analyze Ko statistically
using the Bayesian updating technique from measured
ground movements. They use a non-linear isotropic
hyperbolic model in their finite element analyses.
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Table 1. A summary of accepted paper in the session of bored tunnels.

Title of paper Author Country

Sub-theme: Case history and back-analysis
1. Large diameter tunnelling under polders Autuori & Minec France
2. Bayesian updating of tunnel performance de Queiroz, del Roure & Negro Jr. Brazil/Chile

for K0 estimate of Santiago gravel
3. Control of contaminated groundwater Munfah & Butler USA

during tunnel excavation
4. Ground and lining responses during tunnelling in water-bearing Yoo & Kim Korea

permeable ground – 3D stress-pore pressure coupled analysis
5. Geotechnical centrifuge tests to verify the long-term Pachen, Brassinga & Bezuijen Netherlands

behaviour of a bored tunnel
6. Work and design of “Casting support tunnelling system using Iida, Isogai, Chishiro, Ono, Japan

TBM” to unconsolidated soil with high groundwater level Koyama & Koizumi
7. Compressed air driving and monitored soft ground Quick & Meissner Germany

and groundwater behaviour
8. Investigating variations in tunnelling volume loss – a case study Standing & Burland UK

Sub-theme: Study of interaction effects
9. Centrifuge modelling of the effect of tunnelling on buried Vorster, Mair, Soga & Klar UK

pipelines: mechanisms observed
10. Predicting the settlements above closely spaced Chapman, Rogers & Hunt UK

triple tunnels constructed in soft ground

Sub-theme: Investigation of face stability
11. Centrifuge experiments on stability of tunnel Oblozinsky & Kuwano Canada/Japan

face in sandy ground
12. Effect of slurry clogging phenomena on the face Lee, Choi & Reddi Korea/USA

stability of slurry-shield tunnels
13. Analytical stability models for tunnels in soil Sozio Brazil

Sub-theme: Assessment, measurement and
analysis of ground deformations
14. Settlement assessment of running tunnels – a generic approach Harris & Franzius UK
15. Settlement due to tunnelling on the CTRL London tunnels Bowers & Moss UK
16. Effect of driving parameter on ground surface movements: Wongsaroj, Borghi, Soga, Mair, UK/Japan

Channel Tunnel Rail Link Contract 220 Sugiyama, Hagiwara, Minami &
Bowers

17. Settlements of HSL immersed tunnels Hakkaart, Mortier & ‘t Hart Netherlands
18. Prediction of Ground Settlement by Peck-Fujita Rastbood, Shahriar, Iran

and Numerical Methods Khoshravan Azar & Rastbood
19. Prediction of shield tunnelling influences on ground Oota, Nishizawa, Hashimoto & Japan

deformation based on the construction process Nagaya
20. Settlement behaviour of a shield tunnel constructed Komiya, Takiyama & Akagi Japan

in subsiding reclaimed area

Sub-theme: Influence of grout and muck
properties on construction
21. Grout properties and their influence on back fill grouting Bezuijen & Talmon Netherlands
22. Grouting the tail void of bored tunnels: the role of Talmon & Bezuijen Netherlands

hardening and consolidation of grouts
23. Pressure gradients and muck properties at the face of an EPB Bezuijen, Talmon, Joustra & Grote Netherlands
24. Influences of physical grout flow around bored tunnels Lokhorst, Blom, Slenders & Kwast Netherlands
25. Influence of hardened grout in shield tail on Sugimoto, Sramoon & Isasaki Japan/

shield tunnelling performance Thailand

It is obvious that their numerical predictions for sta-
tistical analyses are highly dependent on what consti-
tutive model and parameters are used. It appears that
model and parameter uncertainties are not considered
in the Bayesian back-analysis.

Munfah and Butler describe control of contami-
nated groundwater during tunnel excavation for the

largest current transportation project in the NY City. A
number of tunnels in soft mixed ground were designed
to use pressurized face TBM and the cut and cover
technique in Queens and Manhattan areas, where
soil and ground water were contaminated by inactive
hazardous waste and ground water plumes (volatile
organic compounds), respectively. To minimize
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Figure 1. Geotechnical cross section at monitoring site
(Autuori & Minec).

environmental impacts due to the construction of the
project, the design solution was to minimize drawdown
and movement of ground water by using a minimum of
760 mm thick cut-off slurry wall socketed into rock.
An extensive hydrological modelling of the site and
the ground water regime was developed and field
monitoring was planned to provide immediate feed-
back to designers for verifying design assumptions and
devising remedial measures if necessary.

Yoo and Kim present a series of three-dimensional
stress-pore pressure fully coupled finite element para-
metric analyses to investigate the influence of relative
permeability of lining to weathered granite (KL/Ks)
on ground and lining responses. Moreover, effects of
a pre-grouting scheme were studied. The ground pro-
file and tunnel section analyzed are shown in Figure 2.
Decomposed granitic soil and weathered granitic rock
were simulated by an elasto-plastic model with an
extended Drucker-Prager failure criterion. A non-
associated flow rule was adopted. It is not clear what
the so-called “coupled” analysis was and why it was
needed for the stiff decomposed soil and rock. More-
over, material properties adopted (see Table 2) are
not fully justified and explained. No decomposition
grades are given in the paper to assist readers to make
independent assessments. It appears that some values,
e.g., E, listed in the table are somewhat unusual when
they are compared with laboratory and field measure-
ments of decomposed granitic soil and rock in Hong
Kong (Ng et al. 2000; Ng and Wang, 2001) and in
Portugal (Viana da Fonseca et al. 1997).

In order to assist in design of two 6.5 m diame-
ter bored tunnels in soft Holocene clay in Rotterdam,
Pachen et al. carried out two centrifuge tests to
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Figure 2. Ground profile for tunnelling condition analyzed
(Yoo & Kim).

Table 2. Material properties used (Yoo & Kim).

c′ φ′ ψ K E
Material (kPa) (◦) (◦) (m/sec) (MPa) K0

Fill 5 30 20 2 × 10−6 30 0.4

Decomposed 50 38 15 1 × 10−6 70 0.5
granite soil

Weathered 100 40 15 6 × 10−7 100 0.5
granite rock

Granite rock 200 45 15 1 × 10−9 100 0.7

Grouted zone 200 50 10 6 × 10−9 500 0.5

Shotcrete – – – 1 × 10−8 2000 –

Figure 3. Deformation of clay at the end of consolidation
after applying 55 kPa of sand in-flight (Pachen et al.).

investigate effects of soil consolidation on tunnel lin-
ing design in the long run. Figure 3 shows observed
deformation of clay at the end of consolidation after
applying 55 kPa of surcharge by raining sand in-flight.
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Based on the results of centrifuge model tests and
numerical simulations using an elasto-plastic harden-
ing soil model, it is concluded that an analytical linear
elastic approach using Airy’s stress distribution func-
tion seems to be conservative for design. The authors
also conclude that negative skin frictional force
induced around the tunnel due to the consolidation of
the soft clay appears to be independent of soil stiffness.
For a given soil stratification and tunnel geometry, the
negative skin frictional force induced on the tunnel
depends on the surface surcharge loading only.

Iida et al. report an interesting case history involv-
ing re-design and construction of an 11.44 m diameter
Sambongihara tunnel in mixed ground conditions
subjected to high hydraulic pressures in Japan. For
economical reasons, the initial design of the tunnel
construction was to use the New Austrian Tunnelling
Method (NATM). However, there were two tunnel face
collapses during the construction of the initial 1.2 km
long tunnel. A new hybrid construction system using a
tunnel boring machine (TBM) to provide face stability
first was designed for the remaining 3 km long tunnel.
This new system called “casting support tunnelling
system using TBM” or SENS in short is described in
the paper.

Quick and Meissner introduce design and con-
struction of Tunnel Offenbau for a new high speed
railway line. Due to poor ground and unfavourable
groundwater conditions, compressed air was used.
Many construction photographs are illustrated but with
too few explanations. Similarly, limited actual field
monitoring data and explanations are provided.

Standing and Burland report a detailed investiga-
tion to explain why significant different volume losses
of 1.2% and 3.3% were observed at the North and
South of St James Park during the construction of
the Jubilee Line Extension (JLE) in London. Three
primary causes are identified: tunnelling method and
control, differences in clay cover from past ero-
sion, markedly differences in geotechnical character-
istics – soil permeability in particular. They highlight
the importance of understanding engineering geol-
ogy and the need of close control of construction
operations when tunnelling through clays containing
water-bearing silt and sand partings.

3 STUDY OF INTERACTION EFFECTS

Vorster et al. report and discuss nine very inter-
esting and revealing centrifuge model tests, which
were designed to investigate interaction mechanisms
between buried pipeline and tunnel in sand. To sim-
ulate the problem in the field, three model pipelines
of different orders of magnitude of bending stiffness
were modelled at 75 g. Three configurations of nor-
malised embedment depth, Cp/Dp, and normalized

Pipeline

Tunnel
Dt

H

Cp

Dp

Figure 4. Schematic representation of the problem (Vorster
et al.).
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Figure 5. Schematic representation of five global and local
mechanisms (Vorster et al.).

pipe-tunnel separation distance, H/Dt , were investi-
gated, where Cp is the pipe embedment depth measured
from the pipe crown, Dp is the pipe diameter, H is the
pipe-tunnel separation distance and Dt is the tunnel
diameter (refer to Figure 4).The three cases considered
in the tests were: Cp/Dp = 1 (shallow pipe), H/Dt = 2;
Cp/Dp = 2 (immediate pipe), H/Dt = 1.5; Cp/Dp = 3
(deep pipe), H/Dt = 1. Based on results of the cen-
trifuge model tests, five interaction mechanisms (i.e.,
M1-M5) due to Global and Local effects are identified
and explained. Figure 5 shows schematic represen-
tations of global and local interaction mechanisms
(i.e., M1-M5) and how they might impact on pipeline
behaviour. The authors consider that global effects
(denoted by M1) represent shearing caused purely by
contraction of tunnel cavity (i.e., as if a green field
scenarios is considered, whereas local effects (i.e.,
M2-M4) result in local shear strains increase over
and above those by global effects. These four local
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Figure 6. Construction sequence and geometry of triple
tunnels (Chapman et al.).

mechanisms include gap formation (M2), decreased
stability (M3), negative downdrag failure (M4) and
longitudinal interaction (M5) as illustrated in Figure 5.
According to the authors, the overall behaviour of
pipeline is governed by a combination of global and
local effects.

Based on previous work undertaken by the authors,
Chapman et al. provide details of development of
a modification factor to adapt empirical predictions
using the Gaussian equation for predicting vertical dis-
placements above twin tunnels. The authors describe,
explain and illustrate that this previous method can be
extended to incorporate the problem of triple tunnel
analyses. Figure 6 shows two different construction
sequences and geometry of triple tunnels considered
in the paper. The results are compared with those from
a two-dimensional non-linear finite element and mea-
surements of sub-surface movements collected during
the construction of the Heathrow Express Tunnels in
London clay. The comparisons show that a consid-
erable improvement is made when compared to the
“unmodified” empirical method. The role of construc-
tion sequence and the subsequent settlement profiles
are also examined.

Incidentally, Ng et al. (2005) and Tang and Ng
(2005) carried out a series of three-dimensional (3D)
fully coupled finite element analyses and investigated
multiple tunnel interactions between large diameter
parallel twin tunnels, hypothetically constructed in
stiff London clay using the New Austrian Tunnelling
Method. Special attention was paid to the influence
of lagging distance between the twin tunnel excavated
faces (LT) and load transfer mechanisms between the
two tunnels (see Figure 7). It is found that LT has a
stronger influence on the horizontal movement than
the vertical movement of each tunnel and it signifi-
cantly affects the shortening of the horizontal diameter
of the tunnels. The change of pillar width appears to be
an approximately linear function of LT. The location
of the maximum settlement is offset from the centre-
line of the pillar and the offset increases with a range
of LT values. Figure 8 shows the variations of the
net offset (�Lx) of the maximum ground surface set-
tlements with different LT values at the plane strain
section. It should be noted that a net offset is the offset
(Lx) at any LT value minus the offset at LT = 0. The
offset at LT = 0 is taken as the reference since it is very

Figure 7. Notations and definitions of lagging length (LD)
between the left and right drifts of the same tunnel and lagging
distance (LT) between the left drifts of two parallel tunnels
(Ng et al. 2004; Tang and Ng, 2005).

Figure 8. Relationship between net offset of ground surface
settlement troughs (�Lx) at the plane strain conditions and
lagging distance LT in terms of multiple of tunnel diameter,
D (Ng et al. 2004; Tang and Ng, 2005).

small and negligible. It can be seen that the net offset
increases gradually with LT, but it approaches a con-
stant value (i.e., 0.32%D) at LT = 2.5D or larger. The
amount of offset is an indication of the amount of load
transfer associated with the construction of the neigh-
bouring parallel tunnel. The smaller the offset, the
more uniform the load shared between the two tunnels
(Ng et al. 2004). For instance, in case of LT = 0 when
the offset is the smallest and most negligible, the load
is shared almost uniformly between the two tunnels.
On the other hand, for LT = 2.5D or larger, more load
is taken by the leading tunnel (i.e., the left tunnel here)
than the lagging one (the right tunnel here) as illus-
trated by different distributions of bending moments
and axial forces in the tunnel linings for various LT

values (Tang and Ng, 2005).
Other detailed results such as pore water pressure

distributions are given by Ng et al. (2004). In addition,
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Figure 9. Sketches of tunnel geometry and failure develop-
ment in PT series (Oblozinsky and Kuwano).

the influence of Ko and stiffness anisotropy on ground
deformations and stress transfer mechanisms during
an open face excavation are reported and discussed by
Ng and Lee (2005).

4 INVESTIGATION OF FACE STABILITY

Oblozinsky and Kuwano report two series of centrifuge
model tests to determine the minimum supporting
pressure (σ ) at a tunnel face, failure mode and extent of
a failed zone in dry Toyura sand with relatively density
ranging from 79% to 83%.Three C/D cases are consid-
ered, where C and D are depth of cover and diameter
of tunnel, respectively (see Figure 9). Two different
controlled techniques were used in the centrifuge tests
to induce failures, i.e., air pressure control (PT series)
and volumetric displacement control using water (DT
series). Figure 10 shows measured normalised sup-
porting pressure (σ /γ D) at failure against C/D ratio.
The test results by Chambon and Corté (1994) are also
plotted in the figure for comparisons.Although there is
scatter in the test results, it may be concluded that nor-
malised supporting pressure increases with C/D ratio.

Lee et al. give details of a series of laboratory
experiments for assessing and investigating rheolog-
ical characteristics of slurry penetration, in light of
the soil-filter clogging theory proposed by Reddi and
Bonala (1997). Effects of clogging, particle transporta-
tion and deposition, slurry concentration and additives
are considered in their experiments. By making use

Figure 10. Normalised supporting pressure at failure
against C/D ratio (Oblozinsky and Kuwano).

of the “membrane model” developed by Anagnostou
and Kovari (1994) for assessing tunnel face stability
of a slurry shield, the authors calculate face stabil-
ity with their experimental results. It is found that the
critical d10 which needs special additive is 0.75 mm.
Moreover, a relationship is reported between the tun-
nel advance rate and the stability of working face due
to slurry penetration.

Sozio presents two different three-dimensional ana-
lytical models for calculating stability conditions at a
tunnel face. The first analytical model is derived from
an upper solution, which is based on an integrated
block system, formed by an upper block above tunnel
crown bearing a lower wedge, which slides towards
the tunnel face. Consideration is given for inclusion of
water pressures acting on the block and wedge faces.
The second model is based on a published lower bound
solution, which is then modified by including radial
body forces and seepage forces to simulate effects
of gravity and flow both in spherical coordinates.
The limitations of each analysis are outlined. Critical
pressures determined for both models are compared
with published analytical solutions and laboratory test
results. More test data are called for by the author to
verify these solutions.

5 ASSESSMENT, MEASUREMENT AND
ANALYSIS OF GROUND DEFORMATIONS

Harris and Franzius describe details of a revised
generic method for assessing potential building dam-
age due to tunnelling in urban areas. This revised
method is derived from an existing three-phase assess-
ment system proposed by Mair et al. (1996) as shown
in Figure 11. The authors consider that the current
Phase 2 is inefficient since unnecessary individual
reports are required for all buildings.They suggest that
it would be better by applying Phase 2 assessments
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Figure 11. Three-phase assessment system (Mair et al.
1996; Harris and Franzius).

to representative sections taken through settlement
contours from Phase 1. Along each section, a high
number of different building geometries are analysed
to determine the worst case, i.e., the maximum tensile
strain. In this way, unnecessary reports can be avoided.
Moreover, insight along the route alignment can be
improved and potential problematic areas can be iden-
tified. The newly revised method is illustrated by a
case study of a 2.7 km long section of running tunnels
on the Crossrail project.

Bowers and Moss summarise observations of
ground movements made during tunnelling for the
Channel Tunnel Rail Link (CTRL) in London. The
CTRL consists of two 8.15 m diameter and 18 km long
bored tunnels which carry the underground railway
from the Channel Tunnel to St Pancras in London.
The tunnels were bored in mixed ground conditions
including stiff clays, sands and gravels of the Lambeth
Group, London clay, the Thanet Sand, Thames river
terrace gravels, the Chalk and the recent estuarine
deposits. Due to presence of many sensitive buildings
and infrastructures in the urban areas, 2% volume loss
was assumed initially for assessing buildings damage.
Subsequently, less than 1% volume loss was specified

Figure 12. Definition of parameters (Wongsaroj et al.).

for six EPB TBMs used for the boring. Based on the
field measurements collected and analysed, it is found
that the measured average volume loss is only 0.5%.
The authors suggest that the use of 2% volume loss
may be too conservative and it is more reasonable to
use 1% volume loss for initial assessments in similar
ground conditions.

Oota et al. present a summary of horizontal and
vertical ground movements measured during tunnel
construction using the EPB and SPB methods from
nine construction sites in Japan. Key factors affecting
ground deformations are identified and discussed. By
carrying out a series of simplified 2D finite element
analyses, the authors claim that they can simulate field
observations closely. Obviously, the real challenge for
any numerical simulation is to get Class-A predictions
right, not Class-C predictions.

Wongsaroj et al. analyse the causes of ground move-
ments induced by bored tunnelling using an earth
pressure balance (EPB) machine for the Contract 220
of the ChannelTunnel Rail Link in London. They sum-
marise five major causes of ground movements due
to shield tunnelling: (i) stress relief at the tunnel face;
(ii) over-cutting edge around the shield; (iii) closure
of tail void behind the shield; (iv) deflection of lining
and (v) consolidation of ground around the tunnel. The
authors make an excellent attempt to link the observed
ground movements to the key tunnel driving parame-
ters of an EPB machine, such as face pressure as well
as shield and tail void grouting pressure. As shown
in Figure 12, zones of influence are identified and
illustrated.

Dimensionless groups of TBM parameters are iden-
tified and expressed in Table 3, where De, Ds and Dtv

are the diameters of the excavation, the shield and
the lining, respectively, and where Vb, Vg, pf , pb and
pg have been averaged over the zones of influence
defined in Figure 12. Although it is found difficult
to establish simple correlations linking the settlement
data to their causes, i.e., the driving parameters of the
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Table 3. Dimensionless groups of TBM parameters
(Wongsaroj et al.).

Machine Zone of
parameter Dimensionless group influence

Face pressure: pf Face Pressure Ratio Zone 1
FPR = pf /·zo

Bentonite injection Bentonite Pressure Ratio Zone 2
pressure: pb BPR = pb/·zo

Bentonite injection Overcut Filling Ratio Zone 2

volume: Vb OFR = 4·Vb/(De
2 – Ds

2)

Grouting Grouting pressure ratio Zone 3
pressure: pg GPR = pb/·zo

Grout injection Tail void Filling Ratio Zone 3

volume: Vg TFR = 4·Vg/(Dtv
2 – D2)

Table 4. Some engineering properties of soil layers in
borehole No. 9, Golestan park (Rastbood et al.).

Permeability Young modulus Poisson’s

Soil type (m/day) (kN/m2) ratio

CL 0.02 8000 0.4
SC-SM 0.6 15,000 0.25
CL 0.0815 8000 0.40
SP 0.727 26,000 0.35
CL 0.075 9000 0.35
SC-SM 3.46 7500 0.25
SP-SM 1.14 34,000 0.4
CL 0.065 14,000 0.4
SM 0.14 49,000 0.4

tunnelling machine, meaningful trends are sometimes
observed between face, grouting pressures and the cor-
responding component of volume loss. Certainly this
dimensionless analysis is an important attempt to char-
acterise ground movements in a more scientific and
systematic manner. With more similar work is carried
out in future, a significant improvement in our Class-A
predictions can be expected.

Hakkaart et al. provide details and explain predic-
tions of settlement of two immersed tunnels in soft
soils for the Dutch High Speed railway Line (HSL)
linking Amsterdam and the Belgian border. Useful
measured data are provided in the paper.

Rastbood et al. analyse and compare settlement pre-
dictions due to twin parallel tunnel constructions in
cohessionless soils below the ground water table in
Tabriz city. The diameter of the tunnels was 6.6 m and
the shield tunnelling method was considered. Ground
surface settlement troughs caused by the construction
of these twin tunnels were predicted by two differ-
ent methods: (i) the Peck-Fujita empirical method for
single tunnel and by use of the principle of superposi-
tion and (ii) 2D Finite Element (FE) drained analysis

Figure 13. Comparisons of ground surface settlements for
pillar width = 19 m, dashed and solid lines from numerical
and empirical method, respectively (Rastbood et al.).

Figure 14. Comparison between the measured and com-
puted values at the Daiba Eastbound tunnel (Komiya et al.).

using an elasto-plastic model with Mohr-Coulomb cri-
terion. Some engineering properties of soil layers in
borehole No. 9, Golestan park are given in Table 4. No
explanation and justification is given for some unusual
parameters chosen. Moreover, an important parameter,
i.e., the coefficient of lateral earth pressure at rest, Ko,
used in the FE analyses is not reported. Incredibly good
agreement in computed values by these two methods
is presented for six different pillar widths. Figure 13
show the comparisons of ground surface settlements
for pillar width = 19 m. Considering the relatively sim-
ple predictive methods used and crude assumptions
adopted, this excellent agreement between the predic-
tions by the two methods is somewhat difficult to be
understood.

Komiya et al. back-analyse settlement behaviour of
the twin Daiba shield tunnels, which were constructed
in consolidating soft alluvial clay strata beneath a
reclaimed land. Three-dimensional coupled finite ele-
ment analysis using the Cam clay model was carried
out to compute settlements of the twin tunnels and
to compare the computed values and field measure-
ments over the last 20 years. Figure 14 shows the
comparison between the measured and computed val-
ues at the Daiba Eastbound tunnel. It is obvious that
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an incredibly good agreement is achieved between the
measured and back-analysed results.

6 INFLUENCE OF GROUT AND MUCK
PROPERTIES ON CONSTRUCTION

Following on detailed explanations of six major func-
tions of grout injected in tail void between soil and
lining (Sharlaw et al. 2004) shown in Figure 15,
Bezuijen and Talmon suggest that the grout can also
provide sufficient resistance to overcome buoyancy
force that occur in the first rings after a tunnelling
operation using a TBM. The buoyancy force arises
because the average density of lining and air that forms
the tunnel is less than the density of the grout. This
imbalance force can be eliminated by reducing grout
density as well as by an increase of its yield stress. A
simple but very important analytical model is derived
by the authors to calculate loading on a lining along
the axis of a tunnel as a function of mortar proper-
ties and possible movement of the lining. It is found
that loading on lining depends on vertical pressure
gradient of the grout and density of the tunnel (i.e.,
lining and air). By making use of measured results as
shown in Figure 16, a simplified and useful calcula-
tion model is developed to estimate any induced shear
force and bending moment of a lining theoretically.
Some calculation examples are given.

Talmon and Bezuijen describe and report the
development of a new and vital theoretical iterative
finite-difference model for calculating grout pressure,
deformation of grout-soil boundary, buoyancy force,
fluid loss, thickness of grout cake and shear stress
components in the grout behind a TBM. Account is
given for rheology, hardening and consolidation of a
grout, mechanical properties of soil and movement of
tunnel lining behind the TBM. The development of
this theoretical model appears to be somewhat based
on a detailed study of field measurements of grout
pressures by 14 pressure gauges at the Sophia Rail
Tunnel shown in Figure 17. By taking into account of
the rheology, hardening and consolidation of the grout,
mechanical properties of the soil and movement of the
tunnel lining behind the TBM at the Sophia Rail Tun-
nel, the calculated grout pressure distributions behind
the TBM are shown in Figure 18. Other theoretical
predictions by this newly developed model are also
illustrated in the paper.

Sugimoto et al. describe key features and explain
functions of an articulated shield as illustrated in Fig-
ure 19. Based on an articulated shield calculation
model developed by Sugimoto and Sramoon (2002),
the authors report an investigation of the influence
of hardened grout in the shield tail on tunnel perfor-
mance and they compare their Class-C predictions of
directional deviations and shield velocity with field

Figure 15. Sketch of TBM and details of injection system
(Bezuijen and Talmon).
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Figure 19. General feature of articulated shield (Sugimoto
et al.).

measurements of an 8 m diameter articulated shield
tunnel operation from a test site. The authors seem
to be satisfied with their calculation model and pre-
dictions. It is concluded that the articulated angle of
the shield is a predominant factor influencing shield
behaviour. Moreover, the hardening of grout in the
shield tail is one of key factors affecting shield
behaviour, especially at rotation of the shield.

Bezuijen et al. describe, discuss and explain mea-
surements of pressures, densities and degrees of sat-
uration of mixture samples taken, pressure drops in
the muck of an EPB-shield at the transition between
the pressure chamber and screw conveyor of the EPB
TBM during the boring of the Botlek Rail tunnel. The
EPB TBM was operated in saturated sand with high
ground water table. Foam was applied for soil condi-
tioning. Figure 20 shows the locations of instruments
in the TBM, where E and W denote total and pore
water pressure gauges, respectively. Based on the field
measurements at the EPB TBM, it is found that dif-
ferent from a slurry shield, there is no direct relation
between measured vertical pressure gradient and the
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Figure 21. Schematic representation of the tunnel section
modelled (Lokhorst et al.).

density of the muck in the pressure chamber. The pres-
sures measured differ considerably at different rings.
Densities of the mixture found indicate a porosity just
higher than the maximum porosity of the sand. A pres-
sure drop of approximately 100 kPa is found when the
muck passes from the pressure chamber to the screw
conveyor. While boring in sand with an EPB shield,
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an important function of the foam is to increase the
porosity of the sand to such a value that deforma-
tion is possible, without or with only limited grain
stresses. This is different from boring in clay where
the lubricating is more important (Mair et al. 2003).

Lokhorst et al. report a series of 2D FEM analy-
ses to study soil-grout-lining interaction of a TBM
(see Figure 21). They used a commercial software
called ANSYS in their analyses. Soil and grout were
simulated by the Drucker-Prager and an isochoric
visco-plastic models, respectively. At the soil-grout
interface and grout-lining interface, cohesion contact
and sliding capabilities were specified in the anal-
yses. It is claimed that good agreement is obtained
between back-analysed and measured radial grout
pressures at the 14.5 m diameter Green Heart Tunnel
in the Netherlands. However, no input parameters
are justified and given in the paper. The authors
are strongly encouraged to calibrate their numerical
predictions with computed results by the theoretical
model developed by Talmon and Bezuijen presented
in this Symposium.

7 CONCLUDING REMARKS

A total of twenty five papers have been reviewed in
this report.Among the reviewed papers, seven are from
Asia, fourteen are from Europe and four are from the
South and North America. However, none of these
papers is fromAustralia andAfrica. Some effort seems
to be necessary to encourage contributions and active
participations from these two continents in the future.

Some papers presented in this session provide
invaluable and excellent case histories involving bored
tunnel design, construction and field measurements.
There is no doubt that readers can benefit from them
significantly.

It is evident that there has been an increasing inter-
est in the study of interaction effects and an improved
understanding of pipeline-tunnel and tunnel-tunnel
interaction has been gained.

A new and excellent theoretical model has been
developed for predicting grout pressure, deformation
of grout-soil boundary, buoyancy force, fluid loss,
thickness of grout cake and shear stress components
in the grout behind a TBM. The rheology, hardening
and consolidation of a grout, mechanical properties of
soil and movement of a tunnel lining behind a TBM
can be considered. Significant improvement has been
made in understanding of grout and muck behaviour.
Very encouraging results have been obtained between
predictions and field measurements.

There is an urgent need to call for Class-A pre-
dictions and explanations of any discrepancy found
between Class-A predictions and field measurements.
Well-tuned Class-C predictions provide limited val-
ues only. Caution should be given to any geotechnical

parameter such as Ko deduced from Class-C pre-
dictions that can be obtained from many possible
combinations of input parameters.
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