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ABSTRACT: Even with decades of experience in soft ground TBM tunneling, the estimation of the necessary
face support pressure still is a difficult task. Still too often projects give the impression that the designer was
happy to find a calculation model in a publication and to copy it, but without understanding the theory behind
it and sometimes not even the very basics of geomechanics. If then there is a problem with either a collapse
or excessive settlements, the necessary experience for this emergency situation is naturally even less than the
experience for the regular advance. Often critical time is lost during days or even weeks of discussion and when
action is finally taken only the time-consuming and cost intensive options remain.
Many different ways for the stabilization of the disturbed soil in front of the TBM have been tried over the
years and most have been found to be problematic if not totally ineffective. While fast action is often helpful to
prevent the situation from becoming worse, the activities must be carried out in the right order and at the right
time. Experience has shown that the consulting of external help is often the much more effective way, both cost
and time wise, than trying to solve the problems by trial and error.

1

INTRODUCTION

Even with decades of experience in soft ground TBM
tunnelling, Slurry and EPB, one of the aspects, namely
the support of the face, seems to remain a mystery for
far too many involved in tunnelling projects, although
the will to understand what goes in front of the tunnel
face goes back more than 100 years. Already in 1883
for example Forchheimer (Forchheimer, 1883) studied
a face collapse using a box model with coloured sand
layers.
Much research work has been done since then.
FEM-methods and even many more analytical calculation models have been developed, especially to calculate the earth pressure in front of a TBM. However,
no model ever made it into a standard.
This might be one reason why sometimes in projects
the most unique calculation models come up, with
some models being over-conservative while others
show disregard for even the basics of soil mechanics. For this reason this article emphasises on some

basic soil mechanic principles, which are important to
remember when discussing analytical earth pressure
models for TBMs. It will point out some key factors
regarding different face support levels, add some facts
to the difference between Slurry and EPB TBMs and
finally give advice for situations when the face support
failed.
2

SOIL MECANICS FOR FACE SUPPORT

2.1 At-rest-earth pressure
Face support calculations follow the same principles as other geo-mechanical calculations. It is one
of the basic assumptions in soil mechanics that in
the untouched ground the horizontal stress in general is equal to the weight of the soil multiplied
with a soil specific factor, the at-rest earth pressure
coefficient K0.

Taking this as a basis for a face support calculation
of aTBM will always give a safe result. However, it will
also deliver very high values as soon as the tunnel gets
bigger and/or deeper, which are known to be normally
way above what is necessary to prevent a face collapse.
2.2 Two-dimensional sliding wedge

Figure 1. Collapse of Forchheimer.

As soil generally is a frictional material, the
Mohr/Coulomb failure criterion for a sliding wedge
can be used as a model to reduce the earth pressure on
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Figure 2. TBM in front of a sliding wedge.

Figure 4. Model of slices by Walz (Walz, 1979), sliding wedge with rounded back by Piaskowski/Kowalewski
(Piaskowski & Kowalewski, 1965) and a spiral by Mohkam
(Mohkam, 1991).

Figure 3. Sliding wedge model of Horn.

the TBM face. The TBM is positioned at the foot of a
sliding wedge, which has a height equal to the depth
of the tunnel.
Using the active earth pressure coefficient Ka, the
horizontal earth pressure level at the depth of a TBM
can be calculated and therefore the pressure on the
TBM face.

2.3 Three-dimensional sliding wedge
Attentive tunnel engineers soon found out, that the
pressure required to stabilize the face was still lower
than the active, horizontal earth pressure based on
the More/Coulomb failure criterion. Based on his
observations during the construction of the Metro

Budapest, Horn (Horn, 1961) in 1961 published the
theory of a three-dimensional sliding wedge in front
of a rectangular tunnel cross section.
For the sliding wedge in front of the tunnel, he not
only accounted for the friction at the rear of the wedge
but also at its sides.
Beside Horns model other three-dimensional forms
were developed for the face pressure calculation or
“borrowed” from others areas of geotechnical engineering, especially the retaining wall design. Those
models include, amongst others, a sliding wedge calculated by the method of slices instead as a monolithic
block, a sliding wedge with a rounded back, and spiral
type forms. All of those models calculated lower earth
pressures on the face than a two-dimensional, active
case.
2.4 Silo theory
Although the use of three-dimensional sliding wedges
allowed proving a significant reduction of the horizontal earth pressure, the calculated pressures often
were still much larger compared to what could be
observed in nature. The reason for this is the effect
of soil arching, an effect that is known to engineers
for a long time. In his literature research Forchheimer
(Forchheimer, 1883) quotes on works as early as 1829.
In 1895 Janssen (Janssen, 1895) and in 1896 Koenen
(Koenen, 1896) published articles regarding arching
effects in silos. It then took until 1936 that Terzaghi
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Depending on the soil characteristics, the height
of the silo can differ for developing the maximum
possible silo effect. Therefore, again depending
on the soil characteristics and the cover above the
TBM, settlements can show up on the surface as
consequence.
2) Most analytical face support pressure models are
limit equilibrium models, which calculate lower
bound solutions for the support pressure or simply
spoken the theoretical border-line of collapse. But
that does not mean that the face pressure actually
has to be kept at such a low level. In most cases
it is possible to operate the TBM at significantly
higher support pressure levels.

Figure 5. Sliding wedge with silo.

(Terzaghi, Stress distribution in dry and in saturated
sand above a yielding trap-door, 1936) published his
trap door tests, which results he introduced into his
famous book “Theoretical Soil Mechanics” (Terzaghi,
Theoretical Soil Mechanics, 1943) and into “modern”
geotechnical engineering. With the theory of the silos
it was possible to show that from a certain minimum
cover on the pressure onto a tunnel was independent
from its depth.
In the calculation models, the soil silos were placed
on top of the sliding wedges which from there on only
had a height equal to the height of the tunnel. Horn
(Horn, 1961) already used a soil silo in his calculations. Later Jancsecz (Jancsecz & Steiner, 1994),
Mohkam (Mohkam, 1991), Anangnostou & Kovári
(Anagnostou & Kovári, 1992) and others published
similar calculation models. The advantage of those
models was that it was possible to explain how relatively small support pressures were sufficient for a
stable face, even at greater depths.

3 ANALYTICAL ANALYSIS IN PRACTICE
During discussions regarding face support calculations on real projects it is often found that the design
engineer was happy that he at last found one calculation model somewhere in the literature, which he could
transform into a spread sheet. But without understanding the theory behind it, two important points can be
overlooked:
1) Reduction of earth pressure below the at-rest state
requires the activation of shear forces triggered by
movement. This movement naturally starts at the
face and then continues upwards along the shear
planes. Depending on the internal angel of friction and the relative density of the soil, different
increments of movement are necessary to activate
the shear resistance. With other words, the “activation” of the silo effect always starts with very small
soil movements down in the ground at the TBM.

An active management of the face pressure also
means managing the ground movements and therefore
is settlement control. In order to do this efficiently, face
support pressure calculations should always incorporate the lower pressure limit (face collapse) and the
upper bound limit (ground heave/blowout) for each
distinct section of the tunnel. With the knowledge of
the permissible face support pressure range, the TBM
crew can change the face pressure they use quickly
and safely during tunnelling. The presentation of additional values, for example the at-rest earth pressure as
the moment of zero horizontal movements, is considered optional and would only help as a reference within
the permissible range.

4 TBM TYPE AND SETTLEMENT CONTROL
The old question, which type ofTBM, Slurry or EPB, is
more suitable, is a highly complex one, which has to be
answered individually for each project. At the moment
EPB machines are being used far more often than
Slurry machines. However, especially with regard to
settlement control the advantages of the Slurry TBMs
shall be pointed out.
The control of the face support pressure level in
a Slurry TBM is much easier and much more precise
than in an EPB TBM. The pressure level is regulated by
the pressure in the air bubble, which again is controlled
and verified through a very sensible automatic regulating device. Desired changes in the support pressure
can be arranged immediately by changing the pressure
in the air bubble. This can be done quickly and reliable during excavation and standstill, if for example
settlement sensitive infrastructure has to be crossed.
The increased pressure level has no noteworthy effect
on the excavation of the ground, the operation of the
machine or the wear. The only possible disadvantage
might be an increased penetration depth of the slurry
into the ground, which will increase the demand for
the compensation of slurry losses a little. On the other
hand is it also known that due to the increased pressure a higher amount of fines from the slurry can be
disposed into the ground. This, together with the refilling of new slurry as compensation for the losses, can
reduce or even prevent the overloading of the active
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slurry with fines. This overloading usually requires a
periodical withdrawal of used slurry, which then has
to be cleaned quite costly in centrifuges.
EPB TBMs on the other hand are more difficult in
holding a certain pressure level at the face. The readings of the pressure sensors in the bulkhead at the rear
of the working chamber can only be taken as a close
estimate for the region they cover. The exact pressure
level at the face is unknown. Also pressure fluctuations
over the face area, influenced by the direction of cutter
head rotation or irregular conditioning of the muck,
are common. And although it is usually assumed in
face support calculations that the EPB muck behaves
like a hydraulic fluid, the analysis of EPB sensor readings often show that this is more an exception than
a rule. For this reason it is necessary to use a much
higher operational tolerance for EPB face pressure
calculation in comparison to Slurry TBMs.
Another disadvantage for EPB TBMs is that a pressure increase, which might be required for better
settlement control, increases the torque on the main
drive and the wear on the tools as well as on the cutter head. Both effects might be compensated by an
improved soil conditioning. But all of this, on one way
or another leads to rising costs of the excavation.
Because the working chamber of an EPB TBM in
theory is always full with muck it is a common believe
that EPB TBMs have a lower risk for a cave-in than
Slurry TBMs. But to the experience of the authors this
is not the case. One reason for this is that conditioning with foam, the most common conditioning agent,
brings many air-filled voids in to working chamber.
A TBM operation with a foam injection ratio (FIR)
of 50% injects 1 m3 of foam for every 2 m3 of soil
excavated. Thus from the material inside the working
chamber 33% is foam which to the major part, between
90% to 95%, consists of air. Especially during standstills there is the risk that the air dissipates into the
ground, leaving huge voids in the working chamber.
During the restart of the excavation these voids can
lead to caveins and over excavation.
Another practical reason for cave-ins into EPB
TBMs is that often the soil, in which EPB TBMs are
being used, is partly self-stable due to minimum cohesion. In order to save money contractors try to drive
without filling the working chamber which leads to
respectable cave-ins when the ground changes a little
locally and becomes instable.
Despite the above mentioned effects it is undisputed
that EPB TBMs behave well on many projects. When
talking about the choice of the TBM is also has to be
taken into account that there are many projects where
there is no real choice between a Slurry or an EPBTBM
because the predominant geology clearly favours one
system over the other. However, there are also cases of
mixed geology and if then settlement control becomes
critical and a flexible face pressure management might
be desirable, the more precise pressure regulation in a
Slurry TBM should definitely be considered. Finally,
a client with a project in a sensible area, most likely an
inner city, might consider paying more money for his

project for safety reasons by choosing a Slurry TBM,
even if for example the clay and fine silt content in the
project soil would suggest the use of an EPB system.
5
5.1

REGAINING FACE SUPPORT
Face instability during excavation

When the support pressure at the face is not controlled
sufficiently during tunnelling or unexpected ground
changes happen, the stability of the face might be lost
partially or totally. This can be realised by the mass
balance of the excavation, if no extreme settlements
are being measured, or by sinkholes suddenly appearing on the surface. Even if the TBM can still excavate
after such an incident it is often the first reflex to
stop the excavation and to analyse the situation. But
this conduct must be strongly discouraged. Of course
it is necessary to analyse the situation when a face
collapse or extensive settlements are detected. But in
case no direct danger for the surrounding is found the
excavation should be continued as soon as possible
to bring the TBM into stable ground, preventing that
the disturbance of the soil in front of the cutter head
increases, causing more settlements and more difficult
tunnelling. In fact it should be tried to bring the end
of the tail shield into the zone of the disturbed ground.
Then, with the help of the grouting system it can be
tried to pump more than the usual amount of grout into
the ground as compensation for the over excavation.
This way underground cavities can be filled before
they progress to the surface.
Even if the underground cavity has collapsed and a
sink hole has appeared on the surface, the same strategy should be followed in order to prevent the cutter
head from getting stuck due to settling and compacting
material. Also in a collapsed zone the grouting should
be done with intensive care. Due to the collapse the
soil structure is disturbed which might lead to insufficient resistance for the bedding of the lining. Intensive
grouting, with pressure higher than normal, can help
to rebuild the bedding zone for the ring.
5.2

Face instability during standstill or
interventions

A loss of face support during an intervention into the
cutter head of the TBM is most critical as the life
of the workers in there is in direct danger. Usually
compressed air is required to keep out ground water
and to support the face. One common reason for an
impending face support loss can be excessive loss
of air.
There are several reasons for air losses. A critically
long intervention time can lead to erosion blowouts.
Small soil particles are blown out of the ground,
increasing the pore size and reducing the flow resistance of the air. This effect always develops from the
surface downward. Other reasons can be local caveins at the face, allowing more air to stream out or
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even sudden blowouts. But as the cause for the air loss
is often obvious, the cure is as well: the pores in the
ground must be plugged again to develop more resistance against the airflow. In the comprehensible wish
to solve the problem quickly and cheaply, construction
crews often get quite creative in the search for things
that might help.
One of the first things most site crews try is to use
a thicker Slurry suspension. When that does not help
or an initial positive effect is lost again, often other
methods are tried.
One of these methods used in the past is to add Styrofoam pellets to the suspension and to pump it into
the working chamber hoping that this might help to
plug the larger pores in the ground. But the Styrofoam
pellets are buoyant in the suspension and always try
to float upwards as soon as possible. Therefore they
never can cover the full face and thus do not solve the
problem. Even if they penetrate into the wider pores,
there have been enough cases where the pellets were
blown out of the ground later on by the reinstated
compressed air.
Another typical filler tried in the past was sawdust,
because it can be mixed more evenly in a suspension.
But also the pumping of saw dust suspensions into the
ground often did not help to reduce the air channels.
Additionally, the bentonite slurry starts to react with
the sawdust components, which causes huge foam production at the slurry treatment plant and causing the
rheology of the slurry to fail, which again endangers
the face stability during slurry support.
Also repeatedly tried is the injection of polyurethane
foam into the ground from the working chamber. The
foam develops and hardens in contact with water and
hopefully blocks the airways. But this methodology
bears problems as well. The first is that the material has
to be injected into the ground, which has the general
difficulty, that there is no visual control of where it
is actually going. Secondly, the foam components use
chemicals, which harmful effects are often multiplied
under compressed air. Finally, the foam blocks formed
in the ground can create problems for the TBM crew.
When foam liquid flows back into the soil inside the
working chamber and expands over and through the
cutter head structure, it is very difficult to be dug out
by hand by the maintenance crew. Also TBMs have
problems with the excavation of such foam blocks,
as they tend to evade the cutting tools at first, then
get ripped out of the face in larger pieces, causing
blockages of lines and/or conveyors. In summary, PU
foam has proven to have nearly no chances of success
at guarantied problems.
After many years of hands-on experience in TBM
tunnelling the authors found only one methodology
which reliably helps to restore a stable face: the use
of artificial soil. Artificial soil is a self-hardening liquid, which is pumped into the working chamber. It also
flows into the ground and follows flow paths. After 24
to 48 hours the material hardens to a semi-solid mass
of low compressive strength. At that moment the working chamber can be accessed again under compressed

air through the air locks. Then the working chamber
has to be cleaned top down by hand. Depending on the
TBM size this can take several days. Due to the artificial soil, this happens in a safe working environment.
Thanks to its low permeability, the artificial soil allows
a reliable compressed air support of the face. From
within this controlled environment all necessary repair
and maintenance works can be done, before tunnelling
commences.
Artificial soil also helps to restore a TBM face after
a collapse. Often a face collapse only fills some part of
the TBMs working chamber. The upper part remains
filled with slurry or water. Generally the soil in front
of the TBM is so heavily disturbed that compressed
air support is tried but found to be impossible. Using
concrete or similar materials from the surface is no
option. The concrete fills all large voids and sink holes.
But it can never be even close to filling and blocking
the pathways of the compressed air. Remember that
the flow resistance of air is 70 times less than water
and orders of magnitude away from concrete.
In such a situation artificial soil, pumped into the
ground from inside the working chamber, is the best
option. It replaces all liquids and then rises to the top.
It flows into all lose soil sections, especially directly
around the TBM, until it finally reaches the surface.
After the hardening the soil around the TBM is stabilised and the permeability for air flow is reduced to
zero or an acceptable level. Then the shovel works start
to enable the TBM restart.
In the following two examples are given.

5.3 Project ADL Bie-Wa, Berlin, Germany, 2001
During the excavation with an OD 3.8 m Slurry TBM
with 26 m of cover and below the groundwater table
the face collapsed and a sink hole showed up at the surface. The cutter head of the TBM was blocked by the
face collapse. But due to the disturbed soil around the
TBM a compressed air intervention was found to be
impossible. Artificial soil was pumped into the working chamber. The process was monitored from inside
the TBM as well as from the surface. With the level of
artificial soil rising in the disturbed ground, water and
bentonite started rising in the sink hole, swimming on
top of the artificial soil. A normal gully emptier was
used to collect the muddy liquids when they started to
flow over the rim of the sinkhole (Figure 7). As soon
as artificial soil became visible on the surface, the
injection was stopped. One day later the working
chamber door could be safely opened (Figure 8).
During the cleaning of the working chamber it was
found out that the major part of it had been filled
with soil from the collapsed ground. Only the crown
part of the working chamber and some smaller regions
within were filled with artificial soil. Nonetheless, the
artificial soil had been able to flow into the ground
and to stabilise it. The cleaning of the working chamber continued and the TBM restarted with-out further
problems.
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Figure 8. Debris level at the lower left side of the working
chamber door when opened.

it. A cavein happened after an erosion blowout during a compressed air intervention. All attempts to fill
the airways from the surface failed. But as the cutter
head was blocked and tools were damaged, a further
advance of the TBM was impossible. Finally, artificial soil was pumped into the cutter head from inside
the TBM. It stabilised the soil around the machine and
reduced the air losses sufficiently that a compressed
air intervention became possible. But already during
the first intervention after the artificial soil injection it
became obvious, that the working chamber of the TBM
was filled with debris from the cavein to an unusual
high level.
Due to the high level of debris, the artificial soil
did only penetrate a little into the ground around the
TBM below the debris level. However, the working
chamber had to be cleaned completely for repair works
and restart. There was a risk that new erosion blowouts
could happened around the soil block stabilised by artificial soil on the long term, when the level of cleaning
would go below the original level of debris. Of course
the working chamber could have been refilled with
artificial soil again once the debris had been cleaned
down to the rock level. But this would have caused
unnecessary delays. Instead it was decided to use a
sprayable membrane, to prevent air losses through
those regions of the face which had not been sufficiently affected by the artificial soil (Figure 9). Both
methods together were able to bring the face back into
a stable condition and to enable the necessary repair
works.

Figure 6. Artificial soil at surface.

Figure 7. Working chamber airlock door.

6

PROJECT DOWNTOWN LINE 2, CONTRACT
918, SINGAPORE, 2013
7

During the construction of the Metro system an OD
6,6 m slurryTBM excavated through a mixed face zone
with rock in the lower part of the face and soil above

SUMMARY

Active face supported is essential in soft ground
tunnelling during excavation and even more during
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Figure 9. Sprayable membrane applied under compressed air.
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