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ABSTRACT: In shallow tunnelling below groundwater table compressed air can be used for preventing water
inflow into the tunnel during construction. During tunnelling with a shotcrete support airloss takes place
which has to be compensated permanently to maintain the required air pressure. The air leaks thereby through
the unsupported tunnel face and the shrinkage cracks of the shotcrete support. The excess air pressure in the
tunnel and the uplifting forces due to air flow in the ground counteract the ground deformations due to exca
vation and so exert a positive effect on the stability of the tunnel itself and on the surface settlement.

1 INTRODUCTION

Constructing urban traffic tunnels in soft ground and
below groundwater level today is still a difficult
task. A useful method of tunnelling under these con
ditions is the NATM in combination with com
pressed air (Distelmeier 1981).

In the course of the construction of the Munich
subway system in 1981 for the first time NATM in
combination with compressed air was applied to
tunnelling. Later the same method was utilised at 18
further contract sections in Vienna, Duisburg, Essen,
Frankfurt, Hanover, Munich and Taipei.

In tunnelling compressed air serves to hold off
groundwater from the driving area. Air pressure in
the tunnel results in air flow through the initially
saturated and subsequently only partially saturated
soil. The air escapes from the working space through
the unsupported face (Q0) as well as through shrink
age cracks in thezshotcrete lining (QS, Fig. 1). The
amount of air loss thus depends on the head of the
air pressure, on the air permeability of the ground
and on the chosen sequence of excavation and sup
porting methods (Kramer & Semprich 1989).

Maintenance of air pressure in the tunnel requires
the air loss to be substituted constantly by compres
sors. The volume of air loss determines the dimen
sions of the compressor house and the occurring
costs of energy for their operation. With respect to
careful planning of tunnels of this kind, a prediction
of the expected air loss is essential.

In the aforementioned 19 contract sections the oc

curring air loss varied between 20 and 600 m3/min.
Resulting costs for producing air volumes of this or
der, and allowing for commissioning of the appro
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Figure l. Statement of the problem.

priate equipment, amount from 10,000.- Euro to
200,000.- Euro per driving month. This is an excep
tionally large range of possible costs which calls for
a method of predicting the occurring air loss prop
erly to permit the previous fixing of expenses in the
estimation, prior to construction.

Air pressure in the tunnel working area and air
flowing in the ground cause displacements of the
tunnel walls as well as in the ground, and subse
quently on ground level 5 (Fig. 1). These displace
ments counteract the deformations due to tunnel
excavation. They so exert a positive effect on the
stability of the tunnel itself and on the ground de
formations. For that reason the surface settlement
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Figure 2. Characteristic ground conditions of subway Munich.

and the settlements of adjacent buildings due to tun
nel advance by applying compressed air for ground
water control result to be much smaller then by ap
plying groundwater lowering wherein the settle
ments due to loss of hydrostatic uplift add the set
tlements due to tunnel advance. So good and realis
tic estimates of the amount and direction of air flow

forces in the ground and of accompanying displace
ments are of considerable importance.

2 EVALUATION OF DISPLACEMENT
MEASUREMENTS AT PREVIOUS TUNNEL
CONSTRUCTION S IN MUNICH

Up to now there were constructed 8 contract sections
of the Munich underground by applying NATM in
combination with compressed air. In Table 1 the
main characteristics for five of these contract sec
tions of the Munich subway are shown.

Depending on the soil conditions, the geometry of
the contract section and the excess air pressure in the
tunnel, the air loss at driving of the different contract
sections varies within a wide range. For a long tun
nel section under air pressure a considerable amount
of air loss occurs through the shotcrete lining of the
tunnel (Kammerer & Sernprich 1999).

The air loss through the tunnel face in the contract
sections 5/9-7, 5/9-12, 5/9-13.1 and U8-N3 of the
Munich subway was quite constant over the driving
period while the air loss through the shotcrete lining
increased from the beginning to the end of the sec
tion. Only in the contract section 5/9-6 of the Mu
nich subway the air loss through the shotcrete lining

remained approximately constant over the driving
period. However, this was a very short section and
can therefore not be considered as representative.

Figure 2 shows the soil profile at km 247L4 of
contract section 5/9-12 of the Munich subway. Un
derneath the fill a very dense layer of gravel is situ
ated. It is followed by layers of sand and marl, again
followed by sand. The material properties are listed
in Figure 2 (Swoboda & Laabmayer 1978).

The tubes of the subway have a diameter of about
6.5 m. The roof of the tubes is located 14 m below
ground level in the upper layer of sand, the invert
lies in the low permeable layer of marl. The
groundwater table is located in the gravel, about 6 m
above the marl. In order to hold the groundwater off
from the excavation area, an excess air pressure of
PT = 60 kN/m2 needs to be applied during tunnelling.

pT = 70 kN/ml
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Figure 3. Characteristic surface settlements at sub
way Munich (Weber 1983).



Table 1. Characteristics for different contract sections in Munich.

*City Munich Munich Munich Munich MunichTlontract section 5/9-6 5/9-7 5/9-12 5/9-13.1 U8-N3
Length of tubes [m] Single track 331 2145 798 712 1350More tracks 505 520 - - 
7Full section [m2] Single track 36 38 37 38 37More tracks 36 to 98 80 to 115 - - 
IOverburden [m] g “ 17 to 19 7 to 22 8 to 16 10 to 17 7 to 12
IGroundwater level above invert [m] _ 17 to 19 3 to 21 7 to 14 0 to 10 7 to 13
Tfhickness of shotcrete lining [cm] > 25 15 to 30 15 15 15
Fxcess air pressure [kN/m2] 70 to 120 50 to 110 50 to 75 30 to 100 30 to 75
Air loss at driving [m3/min] 30 to 90 30 to 120 35 to 380 30 to 50 100 to 580
Air loss without driving [m3/min] ~15 5 to 95 5 to 170 5 to 10
Eharacteristic surface settlements Single track 5 to 8
above the tunnel face [mm] More tracks 12 to 14

In the Munich Tertiary the experience showed that 'MW
for approximately equal embedding conditions and

the same driving method the settlement behaviour _ gravel

remains the same (Weber 1983). Figure 3 shows the E
characteristic settlement behaviour of two tunnels " E=30 MN/m2
one diameter apart with an overburden of twice the V =0-25
tunnel diameter. The total maximum surface settle- GW
ments above the tunnels amount to 13 mm at atmos- I 1 _Zm _ shotcrete
pheric pressure and to only 9 mm at 70 kN/m2 ex
cess air pressure in the tunnel. The inclination of the
settlement trough is correspondingly smaller.

The comparison of the pattern of subsidence in a
longitudinal section of the tunnels shows that ap
plying compressed air the length of the settlement
trough ahead of the tunnel face drops to about one
third due to the uplifting air flow forces in the
ground (Weber 1983).

3 NUMERICAL ANALYSIS

With the help of the program BEFE (Beer et al.
1999) an elastic 2D-Finite Element Analysis (plain
strain) of the settlement behaviour due to undercut
ting for the situation shown in Figure 4 has been
carried out.

A layer of loose gravel with a unit weight Y = 18
kN/m3, Young’s modulus E = 30 MN/m2 and Pois
son’s ratio v = 0.25, 12 m thick, is situated below
ground level. It is followed by a layer of sand with a
unit weighty = 15 kN/m3, Young’s modulus E = 48
MN/m2 and Poisson’s ratio v = 0.30. The ground
water table lies at the boundary of the two layers. A
tunnel of a diameter of D = 6 m is being constructed
in the layer of sand. The roof of the tunnel lies 1 m
below the boundary of the two layers and below
groundwater table. In order to hold the groundwater
off from the excavation area a minimum excess air

pressure of PT = 70 kN/m2 needs to be applied to the
tunnel since the invert of the tunnel lies 7 m below
groundwater table.

The geometry of the situation is similar to the
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Figure 4. The situation analysed in the Numerical
Model.

situation shown in Figure 3, representative for the
subway construction in Munich. The material prop
erties chosen for the numerical analysis are different
to those representative for the subsoil in Munich.
Furthermore, the influence of the water in the soil
has been neglected in the numerical analysis. The
stiffness of the shotcrete lining has not been taken
into account because it has not yet developed while
undercutting. Therefore it has not been considered in
the numerical analysis.

At this stage the numerical simulation was only
used for a qualitative analysis. However, in the
course of this research work the analysis will be re
peated with more exact material properties of the
subsoil in Murgich and taking the air-water interac
tron into account.

The primary stress state was calculated with a
simplified approach using the overburden pressure
for the vertical stresses ov. The horizontal stresses
were assumed to GH = oV*K0. K0 = v/(1-v), wherein
v is Poisson’s ratio.
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Figure 5. Finite Element mesh for the Numericai
Analysis.

The discretisation into Finite Elements is shown in

Figure 5. The Finite Element mesh consists of para
bolic solid Elements. The infinite extension of the

ground was considered by fixing the outer bounda
ries of the mesh. Symmetry conditions were applied.
The region where the air flow field around the tunnel
is developing (Kramer 1987) in the case of a com
plete permeable shotcrete lining, has been modelled
considering the development of the isobars of the
flow field. So the specific air flow forces fs = dp/ds
[kN/m3], wherein p is the air pressure and s is the
path along the flow line, could be applied to the
elements as an additional state of stress acting per
pendicular to the isobars.

For three different cases the maximum surface
settlement due to undercutting has been considered:
° atmospheric driving
° driving under compressed air with an applied

excess air pressure of PT = 70 kN/m2 and an as
sumed airtight shotcrete lining

° driving under compressed air with an applied
excess air pressure of PT = 70 kN/m2 and an as
sumed totally air permeable shotcrete lining.

An impermeable shotcrete lining represents an upper
bound of the positive influence of the air pressure on
the surface settlements, a fully permeable shotcrete
lining represents a lower bound. In any of the cases
considered the maximum surface settlement oc
curred at the symmetry axis. Figure 6 shows that for
atmospheric driving it amounted to 15 mm and for a
completely impermeable shotcrete lining it was re
duced to about 9 mm. For a fully permeable shot
crete lining it resulted to 12 mm. Considering the
settlement behaviour, the maximum effect of the
compressed air while undercutting is reached when
the shotcrete lining is completely impermeable. In
this case the surface settlement is reduced by 40%.
For a fully permeable shotcrete lining it is reduced
by only 20%.
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Figure 6. Comparison of the vertical deformations for the three different cases considered.
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4 LABORATORY TEST

Within the Joint Research Initiative ‘Numerical
Simulation in Tunnelling’ supported by the Austrian
Science Fund (FWF) at the Institute for Soil Me
chanics and Foundation Engineering of the Techni
cal University Graz the influence of the air perme
ability of the cracks in the shotcrete lining on the
development of a flow field, on the volume of air
loss through the tunnel lining, on the amount of the
flow forces and on the accompanying displacements
in the ground has been analysed in a laboratory test
(Karnmerer & Semprich 1998).

The setup of the laboratory test is shown in Figure
7. An appropriate steel container filled with soil with
the horizontal dimensions of 894 mm x 1014 mm
and a height of about 1000 mm is placed on top of a
shotcrete element with the horizontal dimensions of
846 mm x 1000 mm and a thickness of 160 mm. The

shotcrete element is connected to rigid steel frames
at both sides by looped reinforcement bars, so that
the central area of the shotcrete remains not rein
forced. Undemeath this area a pressure box is being
fastened to the shotcrete element, in order to deliver
the compressed air.

The gravity forces of shotcrete, soil, steel form
work, soil-container, pressure box and additional
constructional elements required for application of
the surcharge to the soil are taken by four vertical
steel columns placed underneath the bottom of the
form-work of the shotcrete element. The contact
planes between steel columns and form-work and
between rigid steel frames and form-work are treated
mechanically in order to be respectively parallel,
perpendicular to each other and smooth to ensure
low friction forces at relative movements.

The tension force applied to the shotcrete element
in order to provide the crack is produced by two
hydraulic jacks (1000 kN) positioned beside the
form-work of the shotcrete element. The hydraulic
jacks are connected to the rigid steel frames by
tightly installed pins movable in all directions. With
the used control device consisting of proportional
gauges the probe can not be deformed with a con
stant defonnation velocity, which would actually be
necessary to produce exact crack widths of the re
quired scale (0 - 0.8 mm). Therefore eight pre
stressed steel bars are installed between the two rigid
steel frames above and below the hydraulic jacks to
limit the deformation of the probe at cracking and so
to prevent the device from generating excessive
crack widths in the shotcrete element.

After setting the appropriate crack width, com
pressed air delivered by a site compressor (excess air
pressure ranging from 0 - 200 kN/m2) is applied to
the crack through the pressure box attached to the
crack undemeath the shotcrete element. The fasten

ing ofthe pressure box to the shotcrete element is
realised with four vertical tension rods which con
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Figure 7. Setup of the laboratory test.

nect a frame undemeath the pressure box and a
frame on top of the soil. So fastening of the pressure
box at the same time produces the surcharge on the
soil. A synthetic sealing ensures the air tightness of
the joints in the test setup.

The force in the tension rods was chosen so that a

surcharge of 200 to 250 kN/m2 was applied to the
soil. Two different types of soil (sand and silt) and
two different shotcrete elements have been investi
gated successfully so far. During the test the fol
lowing parameters were being controlled:

° Excess pressure of the air before entering the
crack in the shotcrete element

° Excess air pressure at 17 different points in the
soil

° Temperature of the air before entering the shot
crete crack

° Volume of the air flow
° Crack width at four points of the crack in the

shotcrete element
° Total load on the soil surface
° Total flow forces in the soil.

5 COMPARISON OF RESULTS

Figure 8 gives an example of a situation on site
which corresponds to the situation simulated in the
laboratory test when a surcharge of 216 kN/m2 and
an excess air pressure of 70 kN/m2 are applied to thetest.
A layer of gravel (Y = 18 kN/m3), 12 m thick, is situ
ated below ground level. It is followed by a layer of
sand (Y: 15 kN/m3, kv. = 2x10`5 mfs). The ground
water table lies at the boundary of the two layers. A
tunnel of a diameter of 6 m is being constructed in
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Figure 8. Situation similar to the Munich under
ground construction simulated in the laboratory test.

the layer of sand. The roof of the tunnel lies 1 m
below the boundary of the two layers and below
groundwater level. In order to hold the groundwater
off from the excavation area a minimum excess air

pressure of PT = 70 kN/m2 needs to be applied to the
tunnel, since the invert of the tunnel lies 7 m below
groundwater table.

The shotcrete lining is assumed to be impermeable
apart from a single crack at the roof of the tunnel.
The crack is 0.15 mm wide. The Figure shows the
distribution of the flow field developing from the
tunnel face and from the shotcrete crack after total
dewatering of the soil. The high flow resistance of
the crack causes a reduction of the excess air pres
sure from 70 kN/m2 inside the tunnel to 8 kN/m2
outside of the shotcrete lining over the length of the
crack.

The conditions shown in Figure 8 also correspond
to the situation analysed with the Numerical Model.
Considering the surface settlement behaviour in this
case the shotcrete lining can be assumed to be totally
impermeable and a reduction of the maximum sur
face settlement due to undercutting of 40 % can be
assumed.

If the sand in Figure 8 is replaced by a much less
permeable material, such as silt, the pressure gradi
ent for otherwise same conditions is much higher in
the silt as in the shotcrete crack. If the bond between
the shotcrete lining and the soil is not fully tight a
situation as with a fully permeable shotcrete lining
will develop and the positive influence of the appli
cation of the compressed air on the surface settle
ments will be slightly reduced. From the numerical
analysis in this case results _a reduction of the maxi
mum surface settlement due to undercutting of 20 %.
In the tunnel constructions in Munich, applying an
excess air pressure of 0.7 bar to the tunnel, an aver
age reduction of 30% of the surface settlements due

to undercutting was reached. This is just between the
two boundaries.

6 FURTHER AIMS

In the next phase of the project funded by the Aus
trian Science Fund the laboratory test will be ana
lysed with the help of a more sophisticated numeri
cal model, including 2-phasis flow in the soil, taking
into account the compressibility of the air and ap
plying an advanced constitutive law. The evaluation
of the results of the air volume and the displace
ments measured in the test will then be applied in
the field to provide a more accurate dimensioning of
the appropriate equipment and a more accurate pre
diction of the surface settlements while tunnelling by
applying NATM in combination with compressed
air.
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