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Discussion Session 3.3 / Séance de Discussion 3.3

Underground work in urban areas including its impact on existing infrastructure
Travaux souterrains en zone urbaine et impact sur les existants

R.J.Mair = University of Cambridge, UK
J.R.Standing — University of Cambridge, UK

Dr David Greenwood (U.K.)
The Chairman opened the session and introduced the Discus-
sion Leader, Panellists and Session Reporter.

Professor Robert Mair (Cambridge University, UK.)

Professor Mair introduced the overall subject for discussion
explaining broadly that (i) the impact on existing infrastructure
depends on ground movements caused by the underground
works and (ii) that the prediction and control of ground move-
ments are key objectives. He stated that discussion was to be
limited to bored tunnelling.

Professor Mair referred to two key issues that had been raised
in the lecture by Dr Guilloux (Theme lecture given at the confer-
ence on 28 August: Tunnelling and underground space develop-
ment) and proposed two main topics for discussion.

1) The effect of pre-lining (umbrellas) and face reinforcement
on settlement reduction

- how to model?

- case histories?

2) How to model face and grouting pressures in tunnel boring
machines (TBMSs) in order to select appropriate pressures for
settlement control?

These two themes were then expanded on by Professor Mair.
He observed that with respect to the first topic, pre-lining, fore-
poling umbrellas and microtunnelling arches are techniques used
principally for control of stability. In practice the application of
these techniques is very empirical. He asked whether there is
any effective way of modelling to evaluate reliably their influ-
ence on ground movements. Face reinforcement in the form of
nails or bolts are commonly made from fibre-glass elements
grouted into horizontal boreholes. It was noted that an ‘equiva-
lent face pressure’ can be used to evaluate their effect on stabil-
ity, but how might their effects on ground movements be mod-
elled? Would it be possible, for instance, to use an approach
where the influence of the stiffness of the fibre-glass or the grout
system were considered relative to the ground stiffness?

Professor Mair then outlined the second topic. He observed
that TBMs with a pressurised face are now capable of achieving
very low volume losses, below 1% easily and below 0.5% with
good control measures. There have also been major TBM ad-
vances for example with (i) the use of additives to condition soils
with earth-pressure-balance (EPB) machines to achieve con-
trolled face pressures and (ii) improved tail-void grouting tech-
niques. He asked whether geotechnical engineers know enough
about the mechanical engineering aspects of TBMs to evaluate
fully the influence of face and grouting pressure on ground
movements. Additionally, is it possible to evaluate their influ-
ence when tunnelling in heterogeneous ground conditions?

In summary, Professor Mair suggested that when using pre-
lining, fore-poling, face reinforcement or pressurised face
TBMs, the tunnelling technology is ahead of our understanding
of the fundamental mechanics. The techniques improve stabil-
ity, but we cannot yet quantify reliably their effects on ground
movements.

Professor Mair therefore proposed that the discussion session
be held in two parts as detailed above. He also contended that in
his view the answers to the questions posed are as follows.

1) The effect of pre-lining (umbrellas) and face reinforcement
on settlement reduction

- how to model? Extremely difficult
- case histories? Very few

To be introduced and discussed by J. Robert and M. Kav-

vadas.

2) How to model face and grouting pressures in TBMs in or-
der to select appropriate pressures for settlement control?
Extremely difficult
To be introduced and discussed by A. Negro and H. Netzel.

Jacques Robert (Simecsol, France)

Mr Robert presented a case study tunnelling project in Mar-
seilles as an example. In this project the section area of the tun-
nel was 140 m® with spans of 12.5 to 15 m depending on the
thickness of walls. The geological profile was very heterogene-
ous with hard as weil as soft friable rocks, often with joints cre-
ating a highly fractured rock mass with marl and clay also pres-
ent. The thickness of cover ranged from 7 m to 180 m. The
tunnel was constructed starting from four points: a portal and
three shafts, using a sequential method because of the difficult
ground conditions with two-stage construction of left and right-
hand drifts. Reinforcement was required along two sections
where there was highly fractured marl with a highway and pipe-
line above. For these two sections a two-stage excavation was
used with steel arches and reinforcement in the form of 21 fibre-
glass bolts of 18 m length. Umbrellas were also used, particu-
larly when the cover was less than 10 m and when tunnelling be-
neath the highway.

Mr Robert outlined the finite element modelling approach
used for calculating the stability and deformations. An elastic
perfectly plastic model was used in the analysis. Parametric
analyses were performed to study the influence of face rein-
forcement and the K, value used on the size of the plastic zone.
Values of X;; of 0.5 and 2.0 were used (the latter to account for a
tectonic zone). An axi-symmetric analysis was adopted to assess
the influence of different construction events. Graphs were pre-
sented showing that only a very small zone of high plasticity was
generated for the cases with reinforcement and the effect of the
reinforcement in reducing convergence was also demonstrated.
The unloading parameter, 4, was shown to be 0.27 without face
reinforcement and 0.36 with face reinforcement. 2-D finite ele-
ment analyses were then undertaken using these values of A.
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Mr Robert said that having shown the effectiveness of the
reinforcement using theory, the next stage was to put this into
practice. A special drilling machine was commissioned whose
length was greater than that of the bolts. The same machine had
to be able to construct umbrellas. Another important construc-
tion feature was the sealing of the anchors. A number of photo-
graphs from the project were shown and the presentation was
concluded with graphs showing that there was an improvement
in settlement control, it being reduced to about 10 mm, and con-
sequently less environmental impact where the reinforcement
was applied.

Professor Michael Kavvadas (National Technical University of
Athens, Greece)

Professor Kavvadas began his presentation by showing a
photograph from a gold mine in Peru illustrating that the current
methods of face stabilisation are not new. He provided further
details about fore-poling and pre-lining techniques, explaining
that the latter improves stability by reducing the vertical stress,
0;, ahead of the tunnel. This has the effect of creating a new
Mohr’s circle of smaller diameter than the failure envelope. In
the case of spiles, a similar effect was achieved by increasing the
lateral stress, g;. Therefore both pre-lining and fore-poling re-
duce ground movements, settlements and convergence. This ob-
servation was backed up by convergence-confinement curves,
for different methods of reducing convergence in advance of the
tunnel. These illustrated different problems, e.g. of degrees of
face squeezing.

A case study from the Athens Metro project was described
with several photographs. Phases of excavation of a 9.5 m di-
ameter double-track tunnel were carried out with reinforcement
by fibre-glass nails. In most cases settlements were less than 40
mm, except for a few instances where there was over-break at
the tunnel face, especially near the crown, which sometimes re-
sulted in a chimney propagating to the surface. Reinforcement
in the form of pre-lining and fore-poling with fibre-glass nails
was implemented when tunnelling beneath sensitive areas and
buildings. In some cases a pilot tunnel with reinforcement was
also used and in others micro-tunnel umbrellas, where settle-
ments were reduced to less than 15 mm. Attention was drawn to
details of the flanges between these micro-tunnels forming the
umbrella.

Following these first two presentations, Professor Mair in-
vited discussion from the floor.

Professor Barla (Italy) addressed a question to Professor
Mair, asking about the use of 3-D analyses, the influence of 3-D
effects, in particular with reference to near-surface tunnels.

Professor Mair replied that he would be very careful about
using the model described by Mr Robert where a boundary ele-
ment code was used with approximations to account for the near-
surface tunnels, saying that he thought that neither this model
nor axi-symmetric models were fully appropriate for this type of
analysis.

Mr Robert added that the software was not well adapted but
that it provided a good first approach for obtaining an idea of the
effect of reinforcement. The method of taking A into account
was useful for predicting settlements.

Professor Mair commented that the measured settlements
shown ranged from 4 to 10 cm and asked whether this variation
was because of the ground conditions changing, the tunnel depth
varying, or the reinforcement varying. He also asked whether it
was possible to quantify the stability of the face.

Mr Robert answered that the variations were mainly to do
with the thickness of cover, thin clay layers of unequal thickness
and also the influence of water.

Dr George Dounias (Greece) suggested that in order to under-
stand how fore-poling and umbrellas work, it is necessary to

look at examples of failures. He described a case involving a 7.5
m diameter tunnel in schist where an umbrella was constructed
to help avoid overbreak. In the event it was not possible to pre-
vent overbreak, as the fore-poles used were installed 0.5 m apart
and the soil, which was very sandy, ran between them. He asked
whether there were any cases where uniform movements have
been measured. Dr Dounias then asked how umbrellas work,
saying that it seems that they work indirectly, by preventing
overbreak. He noted that there were very few cases of overbreak
in the Athens Metro, as reported by Professor Kavvadas; in gen-
eral the umbrellas used provided good stability. He also sug-
gested that the stiffness of the fore-poles has little influence on
settlement reduction (as evidenced by simplistic methods of
analysis).

Professor Mair emphasised that it is important to differentiate
between fore-poling and face reinforcement. Face reinforcement
can be made stiff enough to inhibit ground movements while the
behaviour of fore-poling is more complicated.

Professor Barla noted that other techniques, such as pre-
vaulting or jet-grouting in front of the face as compared with the
use of fibre-glass reinforcing elements, should also be consid-
ered in this context, saying that we need to understand how these
methods work. In practice a structural vault is created. He
asked whether there is greater flexibility with fore-poling and
umbrellas and said that we need to differentiate between the
methods and assess the benefits of each.

Professor Mair reiterated that in the case of jet-grouting or
pre-vaulting, the elements are connected or joined together and
act as a structural unit. In this case it is possible to perform a
more realistic analysis compared with cases where there are dis-
crete elements.

Professor Egger (Switzerland) pointed out that when using
reinforcing elements to reduce face pressure, there is no face
plate and therefore their effectiveness depends on their bond. He
emphasised that this is particularly important near the face (e.g.
within 1 m of it).

Professor Mair asked the audience whether anyone had expe-
rience of a case where there were sections of a tunnel drive with
and without reinforcing elements, where comparisons of ground
movements could be made directly to assess the effectiveness of
the reinforcement. There was no response to this question.

Presentations relating to the second theme for discussion
were then given.

Professor Arsenio Negro (FEFAPP and Bureau de Projetos ¢
Consultoria, S3o0 Paulo, Brazil)

Professor Negro started his presentation by showing a series
of flow charts indicating the relationships between tunnelling
pressure and settlement control, observing that ground displace-
ments are induced by stress relief of the ground and that appro-
priate tunnelling technologies need to be identified to minimise
settlements. He noted that it is important to identify whether a
reduction in face pressure or pore pressure reduction is taking
place and discussed this in the context of different types of tun-
nelling, posing for example that in using compressed air it is the
pore pressures that are controlled, while with slurry pressures it
is the total stress.

Professor Negro said that he preferred a simple theoretical
approach / framework where it was possible to simplify the
feedback to allow experience to be implemented into the analy-
sis, saying that this is perhaps better than semi-empirical meth-
ods. He gave two examples to illustrate how approximations
could be applied. In the first a spherical face was implemented
to model a slurry shield and in the second grouting pressure was
modelled by considering a hole in a plate. He advocated using
available relationships between deep and surface settlements to
check the results from such analyses.
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An example was described involving a pipe-jacking project
with a 2 m diameter slurry pipe-jack machine and 10 m of cover.
A program was used to model the pipe-jacking operations and
from this minimum and maximum face pressures were esti-
mated, and corresponding settléments, and these were compared
with allowable settlements. Graphs showing comparisons be-
tween predicted and measured minimum and maximum pres-
sures, accumulated jacking forces and settlements along the
length of the tunnel were presented.

Professor Negro concluded by saying that discussion was
needed on the limitations of the different approaches in analysis
(e.g. empirical versus semi-empirical versus numerical) and how
to select the appropriate technology.

Mr Holger Netzel (North/South Line Consultants & Faculty of
Architecture TU Delft & Witteveen & Bos, Netherlands)

Mr Netzel referred to several organisations within Holland
who are currently doing research into controlling tunnelling-
induced ground movements in soft clays (Centre of Underground
Works (COB); Delft University cluster; N-S Metroline, Amster-
dam). He described briefly the conditions for the proposed Am-
sterdam N-S line with typical soft Holocene soil layers, high
water table and a tunnel depth of 15 to 30 m beneath many sen-
sitive buildings.

The second Heinenoord tunnel was the first case in Holland
where a slurry shield TBM was used in the soft clays encoun-
tered there. Settlement monitoring by the COB provided infor-
mation on where various proportions of volume loss occurred:
15% at the face, 35% from the tapered shield and 50% from the
tail void. The conclusion from this is that significant reductions
in ground loss can be achieved with better control of the tail void
grouting and that further research is required into understanding
the TBM processes.

Mr Netzel considered the elements of the tail void grouting,
saying that the main aim of the grouting is to counter-balance the
initial radial stresses around the tunnel to minimise settlements.
He drew attention to the influencing factors for the grout pres-
sure distribution in the tail void:

- the flow characteristics and material properties of the in-
jected grout (rheology, bleeding, hardening);

- amount and position of the injection points used;

- pressure loss due to the transfer from the grout pumps
through the pipes to the tail void.

He presented a diagram of the distribution of grout pressure
around the perimeter of the tail void, both measured and empiri-
cal. Obtained grout pressures were shown which indicated that
there was a poor counter-balancing of pressures at the base of
the tunnel (probably because injection took place at the top of
the tunnel). Another diagram with contours of grout pressure
and settlement indicated that the tail void grouting has an im-
portant influence on both the magnitude and the shape of the
settlement trough. It was also noted that there was a modified
pressure distribution in the liquid grout due to uplift of the lining
in the tail void.

Three recommendations were made regarding tail void
grouting.

- Implementation of pressure sensors in the tail void of a
TBM is essential for control during tunnelling,

- Advanced understanding of flow characteristics of grout in
the tail void is required to optimize settlement minimizing grout
pressures. More case studies and research is necessary to define
well investigated rules of thumb for appropriate pressures and
their control.

- Pressure loss in pipes can be significant (up to 40%) de-
pending on the length and diameter of the pipes. Improved de-
sign of the transport system of grout from pumps to the tail void
Is required.

Mr A. Bezuijen (Netherlands) then made a short presentation
to follow up some of what Mr Netzel had said. He emphasised
the importance of face pressure with respect to face stability, de-
formations induced by grouting and the interaction of tunnelling
operations with piled foundations. On the Heinenoord tunnel
project, significant pore pressures were generated in front of the
shield, as measured by a pore pressure transducer that was sub-
sequently ‘eaten’ by the TBM. Drops in pore pressure were also
noted during the pauses, for instance when the lining was being
erected. The grout was said to exhibit Bingham flow, with up-
ward directed buoyancy forces acting on the shield. Compari-
sons were made between the hydrostatic pressures and grout and
pore water pressures.

Dr Steiner (Switzerland) drew attention to the difference be-
tween controlling pressures in slurry shield and earth pressure
balance (EPB) TBMs. He said that the control of pressure was
very important and that it is possible to control slurry shield
pressures to a good tolerance. This was corroborated by Profes-
sor Mair who remarked that it was often difficult to control face
pressures with EPB machines.

Professor Mair added that Mr Netzel’s presentation had indi-
cated that there was a 50% contribution to volume loss from the
tail void. He reported that in one case in Taiwan they had been
over-enthusiastic about tail void grouting in sandy silts with the
consequence that large excess pore water pressures had been
generated (which defeated the object of the tail void grouting).

Professor A. Verruijt (Netherlands) suggested that as the tail
void grouting was intended to control settlements at the surface,
why not balance volumes rather than pressures?

Professor Mair replied that in theory this makes sense but that
there are practical difficulties, as exemplified by a recent in-
stance in the UK. Generally contractors have to grout using a
pressure criterion.

Dr Steiner noted that in rock tunnelling it is necessary to
over-cut which causes problems with grout flowing into the
chamber. This might not be a problem in the Netherlands where
the soft clays close around the shield, but that there might be
similar problems with stiff clays.

Professor Mair then summarised what he believed had been
learnt from the session.

Quantifying effects oh settlement of construction techniques
such as umbrellas and pre-vaulting is difficult but it seems that
they do improve settlements as well as stability. The conver-
gence-confinement model method referred to by Dounias and
Kavvadas provides one approach but there is still a long way to
go in predicting movements. Referring to the comment made by
Professor Barla, predicting movements can be done in a more
meaningful way for continuous arches compared with discrete
elements such as fore-poles.

Simple theoretical frameworks, such as that proposed by Pro-
fessor Negro offer a promising approach. There is a need to
calibrate them with field observations.

Experience in the Netherlands appears to show that tail
grouting influences the shape as well as the magnitude of the
settlement trough. However, this may have been because the
tunnels were large. An important point raised by Mr Netzel was
that pressure transducers should be installed in the tail void to
measure what is happening during tunnelling operations as this is
the critical area in terms of volume loss.

The Chairman, Dr Greenwood, then thanked the Discussion
Leader, panellists and the audience, and the session was closed.
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