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ABSTRACT: For _this section 20 papers were submitted. Most of these papers dealt with models for design
purposes; i.e. the development of models, the-use of models or the validation of models. With respect to the
latter the measurements_; 'based on monitoring or (lab) experiments which were prescribed, always are a
valuable source for further developments. To begin with a number of papers is discussed which are related to
specific projects: the design, the organisation and the construction of engineering works. The second section is
related to construction, i.e. to a construction technique, not being specifically related to one project. The third
section, towhich the largestnumber of papers is related, is design and analysis. That is, the use of empirical,
analytical, numerical .or physical models and optimisation techniques to derive at a design. Finally, some of
the papers can’t be linked directly to one of the other sections, which makes it worthwhile to discuss these
under special issues.

1 INTRODUCTION

In this paper areport will be given 'about the papers
in the 4fh Int. Symposium on Underground
Construction in soit Ground, which. are related to
design methods of tunnels, stability, settlements and
tunnel lining. Related to this topic 20 paperswhere
submitted. _Fuither looking at the topics _ 'being
treated, the following issues might be recognized; to
begin with, Design ‘Rand Construction, i.e. projects.
Secondly, Construction, i.e. the techniques, not
being strictly *related to a specific project is
discussed. Thirdly, tunnel designand analysis, both
including analysis leading to dimensioning of

Figure 1 The location of the LHC project adjacent to Geneva
airport and the Jura see Parking et al (2002)

Figure 2 The CERN LHC Project, Plastic shear strains at the

end of UX15 excavation, see Parkin (2002)

tunnels, as well as analysis with the pinpose of
limiting effects ' to sturounding buildings, and
analysis related to bore-nont stability; i.e.
excavation. Fouithly there are a number of papers
submitted which deal with either physical tests in the
laboratory or observations, i.e. measurements during
construction. Finally a number of special problems
are treated in some papers.

For some papers the classification of the issues is
not that strict, sometimes a paper would have to be
classified under more than one item. In that situation
the paper might be mentioned in more than one
section.



Figure 3Cross Section of double deck Ome Tunnel, see Tanaka

et al (2002)

2 DESIGN & CONSTRUCTION

Six papers where submitted related to projects Lmder
design and/or construction. To begin with Parkin et
al (2002), wrote a paper about the Design and
Construction of the Large Hadron Conductor, which
is being build in the close vicinity of _the Geneva
airport. To begin with the paper describes general
aspects of the project; i.e. the physical test facility
being created there for CERN, the' European
Organization for Nuclear Research, see Fig 1.
Further, the difficulties related to the local geology
are being discussed as well as the analysis needed to
arrive at the design of large underground cavems.
3D-Finite Element analyses of the excavation and
support during construction have been made,
predicting the stability and defonnations see Fig 2.
During construction these deformations were b eing
monitored. 1

The second paper related to a tunnelling project is
the paper by Tanaka et al (2002), which describes
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the Design and Construction of a double deck' large
cross section tumrel by NATM, see Fig 3; i.e. the
Ome tunnel in the Metropolitan Central Highway in
Tokyo. The paper briefly describes the local
geological conditions, and the ttmnel excavation
procedure in more detail. During construction the
upper part of the tunnel under construction is being
supported by temporary pile supports. The design
analyses for these are being discussed. Finally some
of the measurements during excavation of the upper
part of the tunnel are being described, evaluating the
difference with or without horizontal jet grouting,
see Fig 4

Vieira et al (2002), describe the nrunerical
analyses and simulations that have b een p erformed
for the design of the Lurniar station of the new to be

Figure 5 Aspect of the construction of Lurniar station, Lisbon

(Vieira (2002)

constructed Lisbon Metro Yellow Line extension,
i.e. the new line to be developed between Campo
Grande and Odivelas. The paper briefly describes the
geological conditions and geotechnical
characterization. Besides that, the instrumentation to
monitor the ground response to trmnel construction
is described; i.e. horizontal displacements by
inclinometers and surface-settlements by surface
marks. Fruther more vertical deformations and
strains were measured by extensometers. Finally 2D
and 3D Finite Element analyses have been made to
study the Lumiar station structural behaviour, see
Fig 5.

Hoefsloot & Bakker (2002), describe some aspects
ofthe design of a new tunnel under design for the
road system of The Hague in the Netherlands. Here a
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Figure 6 ITM tunneling procedure, see Hoefsloot (2002)

Design & Construct project is being developed
where a new type of Tunnelling method; i.e. ITM;
the Industrial Tunnelling Method, proposes to use a
continuous excavation system, see Fig 6, using
Extruded Concrete Lining, ECL. As the tturnel is
constructed under the local groundwater table,
buoyancy effects have to be considered. To prevent
the development of too large longitudinal stresses a
calculation procedure developed by Bogaards (1999)
is applied_and extended. _ _

The fifth paper in this section is by Yamauchi et al
(2002) and describes the analysis work and
monitoring related to a pair of closely spaced tunnels
underneath an existing road track. Besides that there
is little space between both _tunnels, there is a
possible interaction with the piled foundation closely
above the tunnel roof. Both effects are analysed, the
first with Finite Element analysis, the second using
the analytical calculation models. During
construction the stresses and strains have been
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Figure  The main chamber and its replacement parameters for
the Shuibuya power plant, see Hong-gang An et al (2002)

monitored. The measurements seem to indicate that
the closeness of the second tunnel leads to a stress
relieve, with respect to bending moments and an
increase of the tangential normal forces.

Finally with respect to tendering for projects the
paper by Sjostrom discusses the delicate issue of
fixed price contracts. Fixed price contract as a
tendering strategy, including the strategy to leave the
uncertainties with the contractor, is seen to be a
favourable option by the project developer. However
as predictions of groundwater flow in trurnelling
projects seldom are accurate, the contractor is
obliged to include the risk in his price. In the end
both parties may be unhappy with this outcome. Mr.
Sj6str6m proposes a scheme where the contract
includes specifications for Groundwater control,
giving both parties insight in the cost-development
and cost-control during the project. Though the
paper. is more related to management of contracts
than to engineering, the topic is so directly related to
a specific geotechnical issue, that proj ect-developers
might benefit from this opinion.

3 TUNNEL CONSTRUCTION

A larger number of papers than directly treated in
this section are indirectly linked to Turmel
construction. E. g. all the papers in section 2 are
related to construction. For instance the paper about
the CERN facilities describes the problems and the
analysis that had been used to make the design for
the large cavities. Similar words can be Written for a
number of other papers. A limited number of papers,
and three papers specifically are directly related to a
type of construction, i.e. to solve a specific problem
of construction or to optimise a construction method.

The first Paper to be discussed is by An et al
(2002), which has the subject of optimisation of
excavation works; soft Rock Replacement for the
construction of a large scale Cavem group, see Fig 7.
In this paper the situation is discussed where it is
necessary to ensure stability to have partial
replacement of soft rock. The focus on the



optimisation is minimizing the 'damage zones and
economics caused by excavation a_nd replacements.
The method described makes use of the Neural
Network theory in combination with Finite Element
analysis; i.e. the neural network is verified by ia
number of Finite Element calculations. The
maximum displacements predicted by the NN
scheme are compared to those by FEM analysis. The
comparison seems to give a close resemblance,
which might be more ore less expected as the NN
scheme was fed with FEM results as input source.

The next paper to be discussed, by Talmon &
Bezuijen (2002), is related to a part of an Earth
Pressure Balance shield, i.e. the screw conveyor.
Excavation of soft clay is very suitable for an EPB;
the relative smoothness of the material _assures that
obstruction of the conveyor is prevented. On the
other hand the relative low permeability of such a
material prevents leakage of the screw conveyor. In
cohesive soils, a pressure .difference of some 3 bars
can be controlled by the screw conveyor alone, see
Maidl (1999). In sand layers -however the increased
water permeability and the intemal friction of the
material might cause serious problems. Intensive
conditioning of the material with high-density slurry
or foam might be required. The authors report on
physical model testing, see Fig 8, to develop insight
into the parameters controlling this process.

The paper 'by Sramoon et al (2002) describes a
model to describe Slurry Shield behaviour. During
construction, an important issue is how tocontrol the
alignments of the tunnel. As the tunnel lining has to
be constructed within the space given by the tail of
the TBM. To adequately predict the position of the
tail space is important for the contractor as based on
that information he has to ligtue out which path is

Gap between shield skin plate and surrounding ground
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Figure 9 Simulation of slurry shield behaviour during
excavation, Illustration of gap around shield during excavation,

see Sramoon et al (2002)

followed by the tail of the TBM, and he has to
decide on the shape of the Tunnel lining rings outof
the available types in order to keep in line within the
tail space of the TBM. In this study a type of
subgrade reaction model was developed and
evaluated on data established at the Hiromachi test
site. Measurements of deformations and stresses
have been compared with predictions. Finally
conclusions are drawn about the effect and
effectiveness of the use of the copy-cutter, see Fig 9.

Within the scope of Design methods for Tunnels,
five' papers where submitted which are directly or
indirectly related to groundwater, or groundwater
flow:

l. Chargement sur les revétements des tunnels
liés aux variations de la pression d’eau'
induites par l’excavation, by Nguyen et al(2002) p

2. Impact\__of seepage forces on face stability of
shallowtunnels, by In-Mo Lee et al (2002)

3. Influence of excess pore pressures on the
stability of the ttuinel face, by Broere (2002)

4. Estimation of water inflow into a tunnel
during construction, by Ameli (2002), and

5. Should gambling on ground water conditions
be allowed? Etc. By Sjostrom (2002).

The nmnber of papers related to groundwater
underlines the importance of this aspect for tunnel
construction. Quite often if there is a problem dining
construction, 'the problem is related to grotmdwater;
or indirectly influenced by that; Bore Hont stability,
Excavation speed, Hydraulic transport of excavated
material, _Leakage of the lining. All these are
influenced by the presence o f groundwater, `i .e. the
expected inflow of water, the possibility to access
the cutter wheel, etc. The uncertainty with respect to
the groundwater conditions and the impact of that on
pricing was described by Mr Sj6str6m, and
discussed in the preceding section. The paper no l-3
of the above list, are also related to analysis, which
precedes construction, and will b e discussed in the
next section. Although quite arbitrarily decided, here
the paper by Mr Ameli, is placed here in the section
of construction, because the paper is so directly
linked with the choice for a construction method,
which result relies on the accuracy of such
estimation. The paper describes the research and
monitoring; i.e. observational method which was
used to estimate the amount of water inflow in a
conduit tunnel related to a hydraulic power station;
i.e. the construction of this. In order to have an idea

on the amount of water inflow during construction
the inflow in a trial tunnel was measured and
applying an analytical approach based on Darcy’s
law extrapolated to the inflow of the ttmnel to be
constructed. The estimate proved to be right as
during construction of the tunnel in full section, the
teclmical inspectors reported that the amount of



water inflow for the full _section was in the_ same
range as predicted in the study.

4 TUNNELJDESIGN AND ANALYSIS

Design and analysis is the largest section in this
theme, about 9 papers have aspects related to design,
and will be (partly) discussed. In two papers, the first
by An et al, and the_ second by Nakai et al, the
analysis is aimed at the choice for an excavation
scheme, and to limit excess stresses and/or excess
deformation. In both/papers, Finite Element analysis
is the tool for analysis, or is part of the analysis.

An uses Finite' Element analysis in conjunction
with a Neural Network scheme. To begin with the
Neural Network is “fed” with data, results of various
Finite Element analyses .for different excavation
schemes. Secondly the Neural Network produces an
excavation scheme, excavation order that would lead
to a minimum to the deformations and stresses for a
number of _ predefined points. Comparison of the
optimisation result with a _ straightforward analysis
with Finite Elements indicates that for the case
described, this procedure was very adequate.
Monitoring afterward will learn us- 'if the
construction itself was adequately predicted. 1

Prediction of settlements as a function of the
construction sequence is the topic of a study by
Nakai et al (2002). Here in this study both Finite
Element analysis and laboratory physical testing was
applied in order to evaluate the preferable sequence
of construction for three abreast trumels. For the
physical modelling, the 2D.method with aluminium
rods was applied, see Fig 10. This method is
assumed to be adequate to model the Toyoura sand
here, which was modelled in the Numerical analysis.
Though the ratio between depth and width of the
ttmnels was not modelled identical for the ntunerical
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Figure 12 Distribution of the Groundwater head in cros
section EF, directly after excavation, by Nguyen et al (2002)

and for the physical test, the results however indicate
that qualitatively the mechanism that describes the
problem is adequately described. The researchers
conclude that for the deeper tunnels; i.e. D/B = 2.0,
arching effects are not negligible. .

The paper by Nguyen and Bourgeois (2002),
describes a theoretical study on; the influence of
groundwater conditions to loads on a tunnel lining.
Calculations have been made with a coupled Finite
Element code in order to derive the groundwater
conditions, directly after excavation of the tunnel,
and on the long nm. Directly after construction, there
is a draw down of the water pressures. On the long
run however, d epending o n the p ermeability o f t he
lining, hydrostatic pressures will develop again.
However due to the flexibility of the lining, the soil
stresses will accommodate to the soil structure
interaction. In this study also the influence of the
tunnel-shape is investigated, as well as the advance
rate of the tunnel, and its relative flexibility. In Fig
ll, the distribution of the Groundwater head directly
after excavation is drawn for a cross section. In Fig
12, the distribution of the Groundwater head in a



Figure 13 Hydraulic head distribution and assumed
failure zone, by Lee et al (2002)

vertical cross section close. to the' side of the tunnel is

drawn. Both based on FEM analysis.
The impact of seepage forces on stability analysis

of shallow tunnels was analysed and reported by Lee
et al (2002). The studyincludes and analysis of the
influence of the excavation advance rate on the face
stability. In order to solve the groundwater
conditions, which is needed for this 'problem the
steady state conditions in were solved using a 3D
Finite Element model. An upper botmd solution for
the face stability was found asstuning the shape of
the failure surface according to Fig 13. Itiwas found
that the grotmdwater condition might seriously affect
the stability of the tunnel face. While the effect of
the overburden pressure is reduced significantly by
the arching effect induced by tunnel excavation.

Similar conclusions are drawn in the study by
Broere (2002), who looked at the same problem,
applying analytical solutions for the grotmdwater
flow -conditions, for a TBM bore front in soft
ground. He evaluates the face stability with a slightly
adapted version of the Jancsecz & Steiner (1994),
wedge model for face stability. In addition to that
Broere evaluates his model using data derived at the
project for the Botlek rail ttmnel. His conclusions are

Figure 14 Face stability for a bored tunnel; assumed 3D
rupture zoe, by Subrin & Wong, (2002)

that excess pore pressures generated by the
excavation with a slurry shield or even an EPB
might seriously affect the face stability. However,
the influence of infiltration and dissipation of
groundwater flow can be predicted quite adequately
with relatively` _simple transient grotmdwater flow
models.

The next' study also on face stability is by Subrin
& Wong (2002), who investigate the influence of
soil nailing; soil inclusions on stability. In order to
analyse the 3-dimensional problem of face stability
for a circular tunnel face they propose a- 3D-c1u'ved
slip-surface/rupture zone, see Figure 14. The
solution space for this analytical model is verified
comparing these with different other models,
amongst 3D Finite element analysis. Finally they
conclude that the soil nailing can be taken into
account in the final stability equation in a similar
way as that face pressure is taken into account.

The next paper by Sramoon et al (2002) concerns
the modelling of shield behaviour, i.e. the rotations
and translations occurring during excavation as a
function of excavation pressure (and pressure
gradient), and jack-forces. In order to do such an
analysis a 3D subgrade reaction model was applied. ,
See Figure 15. In order to validate the model, tests
where performed at the Hiromachi railway tunnel. At
the location of the test site, tunnel operation control
and tunnel excavation conditions where closely
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Figure 15 Subgrade reaction model for analysis of the shield behaviour by Sramoon et al (2002)
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monitored. Observational data was derived in order
to examine their influences on the_ shield behaviour.
One of the parameters largely influencing the shield
behaviour was the use of “copy-cutters”, i.e.
excavation tools, extending at the end of the cutter
arm, excavating outside the diameter ofthe shield.
Copy-cutters are used among other things to ease the
loads on the tunnel shield when small curvatures
have to be made. The use of copy cutters,-directly
influences the voltune loss, and related to that to
surface settlements. _ '

The prediction of settlements induced by tunnel
construction is an important issue. The ,cturent
design practice in UK is an empirical approach
based on data of settlement troughs Hom recent
turmelling projects, (O’Reilly an New, 1982). For the
prediction of subsidence of buildings the
characteristics of the structure; i.e. the stiffness is
neglected in this approach. In 1997_ after some
improvements by others, Potts and Addenbrooke
introduced the possibility to include building/soil
relative stifiiiess into the design approach. A
drawback however was that it was not yet possible to
include the building’s weight in the analysis. Here,
in a new paper by Franzius and Addenbrooke, the
relative stifiiiess approach is extended to include
building-weight. To derive this result a parametric
study using Finite Element analysis was performed.
In total 50 different combinations were analysed and
evaluated, which Enally lead to the modification
factors, see Fig 16.

Finally with respect to Tunnel design and
Analysis, in a p aper by Picha (2002), a ttmnel like
structure, i.e. a buried Culvert analysed and designed
applying a Finite difference numerical model. The
modelling of the soil structure interaction was
necessary to optimise the dimension of the concrete
structure. Several results of stresses and pore-water
pressure contours are shown.

5 LAB TESTS AND MONITORING

With respect to testing, whether it is physical testing
in a laboratory or making observations during
construction, four papers that included measurement
data were submitted. To be precise five paper would
have to be named, as the paper by Nakai et al (2002),
includes also laboratory testing on small aluminium
rods, as a laboratory model for sand. The difference
with the other papers is, that here the tests are based
on an analogy in shape, in the kinematics, but that it
is not a soil that is being tested. The results are
already b eing discussed in the preceding section of
this report.

That in contrast to the paper by Hashimoto et al
(2002), who discusses a new measuring device to
derive the pressure development on the outside of a
lined tunnel, i.e. a TBM type excavated tunnel with' a
segmental lining. Hashimoto proposes to use a very
large thin pressure meter, a diaphragm of 450 x 750
m. to overcome the arching effects in the hardening
grout. The measurements derived with this device
look very satisfying, e.g. the development of
pressures such as measured on the lining directly
during and after that the segment comes free out of
the tail ofthe TBM and further, see Fig 17.

Besides that, long-tenn measurements were
derived for a tunnel in soft clay at Okawa. Finally
these results were evaluated in the light of the
standard empirical design method. The discrepancies
are discussed and some suggestions are done to
improve the design method to get a closer
resemblance between model and observation.

There is some resemblance between the paper by
Hashimoto, and the paper by Bezuijen et al (2002).
Where Hashimoto first focuses in on the measluing
device, Bezuijen's paper begins to analyse the stress
development behind the tail of the TBM, assuming
that the liquid grout acts as a Bingham liquid. Based
on the equations of equilibrium and based_ on the
equation of limited shear stress in the liquid, a
solution is being derived for the pressure distribution
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Figure 17 Hashimoto et al (2002), Output of pad type of lining

pressure meter in dense sand (O = 3550 mm, steel segments
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Figure 18 Bezuijen & Tahnon (20020, Polar plots and pressure
as function of depth in the grout material behind the tunnel lining

at various. time steps behind the TBM, as measured at the Sophia

Rail Tunnel, The Netherlands

on the tunnel lining behind the tail of a TBM.
Besides the theory, the paper describes some nice

meastuements of pressure development on the tunnel
lining for the Sophia Rail tunnel under “De Noord”,
which is part of the new Betuwe route for Rail cargo
in the Netherlands.”

Finally the theory is compared with the
measurements, which indicates that although there
are some discrepancies, the mechanism is reasonably
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Figure 19 Bezuijen et al (2002), pressure measurements along
24 the screw conveyor of the EPB for Botlek Rail tunnel

In another paper by the same authors of the
preceding papers, Talmon et al (2002), describes the
mathematical model for the pressure development in'
an EPB screw-conveyor. In addition to that,
laboratory tests are described in order to develop
insight into the parameters of this process, see Figure
19. Finally monitoring was performed during
construction of the Botlek Rail ttmnel. The results of
these are evaluated using both the model, and the
physical lab-tests. The result is a valuable paper,
which displays the methodology of model
development.

The paper by Sramoon et al (2002), which was
also discussed with respect to model development,
includes some measuring data on shield driving
parameters. Data such as: jack-thrust, jack moment,
cutter torque and copy cutter to control the shield
along the planned alignment, at the Hiromachi test
field. Based on these and other parameters,
predictions have been made for the stresses around
the TBM and the deformations. We look forward to
future research that might produce the measurements
needed for the validation of the model.

6 SPECIAL PROBLEMS

The first paper being discussed in this section is
related to Earthquake seismic design. By Kishio et al
(2002). Where I realize during writing of this report
that for some of the readers, earthquake problems are
not that special as_ it might be for others. For some
countries outside earthquake sensitive areas, this is a
negligible issue, where for others it might be the
main topic in design. Therefore I realize that placing
this paper Lmder special problems is quite arbitrary.

The interesting paper by Kishio describes a
design method for shield tunnels, where 2D
Dynamic Finite Element analysis is used to gain
insight into the differential deformation which might
occur on the 'ttmnel ring if the seismic deformations
are mainly develop in the cross-sectional plane of the
tunnel. Further the deformation in the plane FEM
analysis, see Figure 20, are used to evaluate the
stresses in the tunnel lining; accounting for the
prescribed deformations in a 2-ring bedded beam
model for the tunnel lining. For a segmental tunnel

2§£ Eiiii i ii iliii aiiiiiiiii %
---~ IEIIIBIEIIIHHIIIHEIIIHI  -A-- »-»- |= na
mnznsmnmsmzugsrgzunnmuzumuzunazuzmnnmnn

illi-Ii-.--IhilllllllllllllllllllilhhlthhiiiiI"1i111111§llllllllll|ll|llll11l1111iQQQQ--111111S_§lll'lllllllllllllllIIZ111111§11111-_nu-nnlnullnlunuu-ln--n---iiil“V "L “D1i1l1S1111lBH|lllllllllllllll'llllI11l1§_11l
li1l_!_g|[l 5| Q | |lQml!“R!“§\_l@llS_----i1----~-- -v ----euseéigf

11Zl_=H¢K‘ !!!E-_;E;‘a;@., _ ,¢5y},,=\==_§==¢_h===1ilZ- ZIQEEE ~!"i?1 5_.f'§F" _i lil
iilillliill ::::¥/<liép ?§:§iEi31Il=!!!!l » ii.___ __r._._.,. ,._;.d.\_ ._ .ul ll _:_ 5  2  *___ __ .0  ,.,. .__ ..... ___

Figure 20 Level-2 earthquake seismic design for tunnel lining,
see Kishio et al (2002), differential deformation on tunnel lining
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Figure 21 Franzius & Addenbrooke (2002), Relative stiffness
method for predicting tunnelling induces building deformation;

geometry of the problem

lining, where each ring independantly from the other
rings is assumed to bear the loading, this seems, to be
a safe way of design. For trmnels with a more
homogeneous lining; i.e. where also longitudinal
stresses might contribute to the bearing of loads, it is
not clear if worming deformations in axial direction
or snaking deformations as a function of the tunnel
axis might give unfavourable stresses. Maybe not
leading to collapse of the trmnel, but to leakage if the
tunnel is below the groundwater-level.

Such longitudinal s tresses, though not r elated to
earthquake situations, are described by Hoefsloot;
see also the discussion in the section Design &
Construction. Hoefsloot displays a calculation
method to analyse longitudinal _stresses due to
buoyancy, if the tunnel is below the groundwater
level, and due to the construction method; the staged
development of j ack-forces due to the excavation
method. The latter also leads to the development of
“eigen" stresses. Maybe for a segmental tunnel this
aspect is not that relevant as it -is for an Extruded
Concrete lining.

Finally under special problems the paper of
Franzius (2002) has to be named again also. Though
the analysis of surface settlements is not that special,
to include the effect of buildings on the surface is.
The new aspect included is that the building weight
is included_in the empirical design method that is
common used. Based on relative bending stiffness,
relative axial stifthess of the building andbuilding
weight, see also Fig 21, the surface deformations, i.e.
the building deformations can be analysed.
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