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ABSTRACT: In the Netherlands the monitoring of two tunnel boring projects is scheduled. In order to derive a meaningful scheme of 

instrumentation and measurements, an inventory was made of particular problems related to boring in soft soil has been made. First a 

description of the geological situation in the Netherlands is given. Secondly the Dutch approach to monitoring is explained. And finally an 

overview of the typical problems relating to tunnel boring in soft soil (based on the Dutch situation) is produced.

RESUME: Aux Pays-Bas on a decide d’ executer deux projets pour la construction des tunnels avec la methode de percer. Pour obtenir un 

dessin efficace d’instruments et mesurages, un inventaire des problemes de percer en fond doux a fait . Aussi une description de la situation 

geologique aux Pays-Bas a exhibe. Pour finir, une tour d’horizon des problems de percer en fond doux (pour la situation aux Pays-Bas) a

1 INTRODUCTION

In 1993 the Dutch minister of Transport and Public Works decided 

for having two ’pilot’ projects with bored tunnelling. For the first 

time in the Netherlands, tunnels with larger diameter would be build 
using a boring technique, instead of immersed tunnelling. Though 
smaller diameter tunnels of up to approximately 3 m diameter had 
be realised with boring techniques, up to now boring larger diameters 
tunnels was looked upon as unfavourable with respect to costs and 

risks. Designers related these risks especially to the soft soil 
conditions, in the upper zone of the dutch soil.

However, the increasing demand on available space and the 

increasing public consensus that avoiding hinder during construction 
and operation has a value too and has to be considered in the 
weighing of design alternatives, leads to the demand for underground 
alternatives and building techniques; including bored tunnels.

For that it was decided to have pilot projects. With the aim of 
gaining experience and to develop knowledge. The pilot projects will 
be accompanied by research, involving the prediction, monitoring 
and evaluation of actual tunnel behaviour. To set-up the predictions 

and monitoring scheme, an inventory was made of the typical 
problems to be expected while boring in the Dutch soft soil.

The pilot projects chosen are:

1) The Second Heinenoord tunnel for road transport
2) The Botlek Spoortunnel for rail transport

Both tunnels are passing the "Oude Maas" river and located just 
south of the city of Rotterdam. The second Heinenoord tunnel will 
have a two tube tunnel with an outer diameter of 8.3 meter, and will 
be constructed using a slurry-shield (TBM). The lining thickness will 

be 0.35 meter reinforced concrete segmented rings. The total length 
of the tunnel will be approximately 900 m. The Botlek Railway 
tunnel will be a two tube tunnel too, depending on the choice single 
or double stack transit, the outer diameter will be 8.35m or 9.5 m. 

The lining thickness might be 0.4m or 0.5m respectively. The total 
length for the bored tunnel will be approx. 1800 m.

2 MONITORING PROJECTS

The execution of the 2 ' Heinenoord tunnel; the boring will start in 

January 1997, whereas the Botlek railway tunnel will start 
approximately a year after, in spring 1998. The monitoring of the 

projects is commissioned to the CUR/COB (Dutch Centre for 
Underground Construction) committee K100. The preparation of the 

monitoring, especially for the part that is focussed on the 2' 
Heinenoord tunnel was initiated late 1993. And started with an 
inventory. The global plan for the monitoring was formulated 

simultaneously. The leading thesis for the definition of monitoring

Figure 1 Beam Action of a tunnel in non homogeneous soil

project was; "Measuring is knowing" and secondary to that; "A 
predicted measurement has added value". Therefore, a preliminary 

phase for the monitoring project is making predictions.
Among other models, K100 has chosen to make predictions with 

Continuum models such as with Finite Elements. This reflects the 
view that on the longer term there is more benefit; more added 
value, related to using ’integral models’. Models which are not 
limited to an aspect of a design, but where it is possible to analyse 
several aspects based on one model, one topology of the 
construction. Continuum models such as 2D and 3D Finite Element 

models fit in with this perspective.
This reflects the Dutch philosophy for structural design, especially 
for constructions which go beyond our experience. That is to analyse 

the ’new’ structure rigorously with ’models’, both empirical, 
analytical, physical and numerical. This in contradistinction with the 

’observational method of design’ such as often used in the United 
Kingdom or Japan.

3 GEOLOGY OF THE NETHERLANDS

Both tunnels are located in the western part of the country in an area 
in which the soft to very soft layers (undrained shear strength less 
than 40 kPa and sometimes even less than 10 kPa) have a thickness 

of about 15 to 20 meter. Due to sea attacks, braiding rivers and tidal 
effects, the subdivision of these upper layers strongly differs at a 
short distance. In contrast to many projects in other countries, in the 

Netherlands it is almost impossible to plan a tunnel in, 
predominantly, one homogeneous layer. In many cases the tunnei
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boring machine has to excavate many different materials (peat, soft 
clay, sand and gravel) during the same track.

The top-section of the stratigraphy of the western part of the 

Netherlands consists of peat and soft to very soft clay (formed during 

the holocene period) laying on top of a thick layer of sand, coarse 
sand and gravel (formed during the pleistocene period). In this part 

of the country, the groundwater level is almost at the soil surface. 
The pleistocene sand layers were formed during the glacial periods. 

During these periods the water level of the North Sea was relatively 
low and during inter-glacial periods the sea level was relatively high. 
During times of high sea level, the west coast was below sea level 
and marine clays were deposited, but, generally speaking, 
sedimentation related to (braided) river systems dominated. Coarse 
sands and gravels were deposited during glacial periods and 
windblown sands during inter-glacial periods.

At the beginning of the holocene period, the last sea level rise 
started and tidal zones reached the south west of the Netherlands 
again. Peat formation started nearby in the floodplains. These peat 
layers were sometimes overlain by marine clay and were sometimes 

eroded by the sea. About 5000 years ago a coastal barrier system 
was developing: dune forming started. In the areas behind the coastal 
barrier, out of reach of the aggressive sea, thick peat layers were 

formed. Locally, these layers were eroded by the sea again and were 

(partly) replaced by marine clay sediments.

4 INVENTORY OF PROJECT ISSUE’S

According to Peck (1969), the main problems relating to bored 

tunnelling are;
keeping a stable boring front
limiting the impact on the surrounding soil and 
foundations and
keeping the tunnel safe and operational during use

Typical aspects which might lead to problems in relation to boring 

in the Dutch situation might be;
the geology; very soft soil on top of pleistocene sand 

piled foundations in the Dutch city’s, 
groundwater level almost at the soil surface 

In order to draw up the inventory of all the aspects on which 
monitoring of the ’pilot’ projects would have to be focused, first a 
partial inventory was made on the following aspect fields (for which 
research and development proposals had been made):

Risk assessment and safety 
Exploration and monitoring of the subsoil 

Boring and tunnel technology 
Design models for deformation and dynamics 
Integral maintenance and Management 
Environmental aspects 

Monitoring was part of all these proposals. The task of committee 
K100 was to extract a coherent combination of instrumentation and 

experiments, which would serve the demand of all the aspect fields. 
Part of this task included was ordering the priority of all the 

proposals to optimize the profit of the monitoring scheme, and to fit 
this in on the budget. The result of this is an integrated ’bundle’ of 
research which is under execution as one project.

5 TYPICAL DUTCH PROBLEMS WITH RESPECT TO BORED 

TUNNELLING

5.1 Feasibility o f  boring

The feasibility of boring is among other authors described by Peck 

(1969).
Aspects relating to this feasibility are:

1) Front stability
2) Excavation efficiency with respect to the soil encountered

3) Maintenance and unexpected wear of cutter bits
4) Unexpected objects

Front stability; For a slurry shield, such as is foreseen for the 2 ' 
Heinenoord tunnel, the working pressure for the slurry support is on 
the underside bounded by ’active’ failure of the soil; if the support 
pressure is too low too maintain equilibrium in the soil mass. 
Whereas it is bounded at the upper side by a passive failure of the 
soil; if the support pressure is too high, a blow out or uncontrolled 
loss o f support fluid might appear.
In Fig 2 it is illustrated how the boundaries for the support pressure

Pa/Cu

Figure 2 Face support pressure required for stability acc. to 

Mair (1987)

P, are affected by the strength of the soil. In the figure it is indicated 

how the boundaries for the support pressure will be affected if the 
soil gets weaker; narrowing the bandwidth which is available for the 
support pressure.

In Fig 3 it is indicated what it means if the uncertainty with 
respect to the upper and lower bound is taken into account, sketching 

the probability density of instability. For soft soils; weak soils, a 
problem might be encountered if the safe range between lower and 
upper limit leaves a too small range for operating the working 
pressure of the face support.

A complicating factor might arise if the vertical soil stresses are 
partically determined by water loading under the influence of tidal 

movements. The machine driver might have to compensate his slurry 
support pressure as a function of the tidal movements.

Maintenance and wear of cutter bits; is most likely not too 
much affected by soft soil. Too ’sticky’ behaviour of clay might give 
more problems.

Excavation efficiency; if there is a large diversity in soil layers; 
e.g. in the upper holocene layers, the excavation efficiency might be 
influenced. It will be difficult then, to optimize the type of TBM on 

a single type of soil. During a tunnel drive of only hundreds of 
meters, several types of soil might and will be encountered, often 

only in thin layers. The boring front might not be homogenous; and 

may exist of very diverse materials, with very diverse permeabilities. 
This coupled with the probability of water bearing layers, might give 

problems with respect to local instabilities. For situations wit a large 
fluctuation in soil layers it will be advised to reduce the speed of 
excavation in order to secure that the ’cake’ formation on the front 
is not too much influenced by a too high speed.

Unexpected objects; In the Netherlands subsoil fossil wood 
might be encountered. During exploration for the sand closures 
during the Delta project, where large amounts of sand where needed,

Figure 3 Stability range for face support pressure

special interest was given to this aspect. Seismological surveys in the 
Eastern Scheldt estuary indicated the existence of fossil wood in the 
subsoil. In practice no practical problems where encountered. The 
encountering of tree trunks however cannot be excluded.

In the northern parts of the Netherlands, in the zone that was 
covered with ice in the last glacial period, boulders where carried by
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the Ice from the Scandinavian zone’s to the Netherlands. The 
megalithic chambered tombs which can be found in the provence 

’Drente’ are artifacts of that. Boulders might be encountered North 

of the line ’Haarlem Nijmegen in the Netherlands, and on the 
"Utrecht chain off Hills"

5.2 Buoyancy

As the weight of the tunnel lining and installation is less then the 

soil (including the groundwater) that is removed, the structure is not 
in vertical equilibrium. In order to gain equilibrium an initial upward 
movement will develop, initiating a stress redistribution above, and 
a stress relieve under the tunnel, until equilibrium is reached. The 
effects of this aspect are related to the beam action of a tunnel, see 
Fig 2. and section 5.3.1 of this paper

5.3 Soil-Stiffhess

5.3.1 Soil-Stiffhess effects on the Beam action

As the stiffness of the soil might have a variation along the length 

of the tunnel, as is illustrated in figure 1, equilibrium might not only 

be derived from the equilibrium of the successive rings but also 

because the tunnel tube acts as a "beam on elastic foundation" This

effect is related with the parameter ^  (Hetenyi 1946), according

combination of all this yields:

to:

n/X=nl
K

(1)

which might be interpreted as a measure of the length scale on which

a disturbance might spread.

where:

= the Young’s modulus for the material of the ’tube’

Ib = Moment of Inertia for bending of the tube

K = subgrade reaction modulus for the soil

The Moment of Inertia for a thin lined tube is approximated by:

U.,*-dD’ (2)

where:

D = Diameter of the tube 

d = thickness o f the lining

Taking into account that a continuous bedding is assumed both under 

and on top of the tunnel, the subgrade reaction for the tube is 

approximated as:

K=2Dk (3)

where for the subgrade reaction modulus for the soil;

* 2D

is assumed, with:

Es = Young’s modulus for the soil.

If one takes into account that:

(4)

-?= ioooa io o o o
E.

(5)

although reducing this ratio by factor 2 for the fact that semi ’elastic’ 

material (Kaubit) is used in the joint between rings to avoid stress 

concentrations. The lining thickness is approximated as:

A  DJe--
20

(6)

^ * 0 . 5 * ( l d t 0 » 1 0 3) j D 4= (7 .9 d J 4 D )
(7)

Which means that for the staged construction of a tunnel tube, and 

for situation where there is a distinct difference in subgrade reaction 

modulus, one has to take into account that for a length of 

approximately 8 to 14 times the diameter of the tube, reckoned from 

the point of ’disturbance’ there is a diminishing effect on bending 

moments and shearing forces in the tube.

The lower the stiffness of the soil, and/or the higher the stiffness 

of the tube (larger diameter), the more the assumption that every ring 

in the tube is in distinct equilibrium with the supporting soil, hat to 

be doubted

More generally; a low stiffness of the soil brings larger 

deformation corrections to derive equilibrium from soil reactions.

5.3.2 Soil stiffness effects on bending Moments in the lining

For the stress distribution in the tunnel rings, the model developed 
by Duddeck (1980) and later on evaluated on with respect to the 

influence of the stiffness of the bedding can be used to illustrate the 
influence of soft soil. The model itself can be regarded as a Winkler 
type with a curved beam on continuous elastic bedding. In the 
limiting case this model describes the results for a ring with static 

loading instead of a spring reaction. Which means that for the 
bending moments in a tunnel lining, the effect of the relative 
stiffness can be ’visualized’ as a reduction factor on the Rigid 
solution, as a function of the elasticity parameter;

a = (8) 

The rigid solution, for a deep tunnel with tangential interaction, 
which is taken here for reasons of illustration, can be described by:

Where

ow= vertical soil stress

o.= horizontal soil stress

16

(9)

For all=K0olt and m=u - j y this can be read as M ^ m a  JO such as

indicated in Fig 4. The Figure is drawn for K<, = 0.5. 

m

Figure 4 Maximum bending moments in the lining as a 

function of the stiffnes ration a , acc to Duddeck 

(1985)

Duddeck (1985), indicated a region of application between 

5<o<200 which would give a reduction of bending moment with 

respect to the ’rigid’ situation (no stress redistribution) with a 

percentage of 20 to 80 %.
If we evaluate this for the Dutch soft soil situation, considering
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that the segmental bending stiffness for a unit with is ; and

if we assume again that d=-^ ; evaluating a range

for — ̂ ldiOMO3 . Then, for the soft soil conditions, this leads to; 
E .

1 2 * 1 0 3E  1 2 * 1 0 3
a = --------------- - -  - = ( l d l 2 )

E b (ldlOOOO)

( 10)

Which means that for soft soil conditions we are only nearly within 

the region of application such as indicated by Duddeck, and now the 
expected reduction is much less; only 10 to 30 %.

5.3.3 Axial equilibrium

At the stage of entering the receiving shaft, the axial stresses at the 
front, will diminish, and so the axial stresses in the tube. These axial 
stresses in the tube contribute to the shear force capacity of the tube, 
and so a procedure has to be developed to secure the shear force 

capacity between the rings at all stages of construction.

5.4 Segmental lining

The effect of soil-structure interaction, and the effect of the stiffness 

ratio between soil and structure are discusses above in section 5.3 
Not discussed yet is that the lining is composed of segments. 
Segmental tunnel linings can be viewed upon as an assembly of 
’blocks’, connected by joints. Basically, the situation is similar to 

other stacked structures like masonry, brickwork and precast concrete 
assemblies. The behaviour of these structures can be assessed using 
block mechanics. In particular, a nonlinear finite element strategy 
whereby the segments are modelled by continuum elements and the 

joints by interface elements might be attractive. The nonlinear 
behaviour will be mainly concentrated in the relatively weak and 

flexible joints while the relatively strong concrete segments can be 
modelled as linear elastic. With this approach the total strength, 

stiffness/flexibility of the assembly can be predicted.

Figure 5 Deformation of a segmental lining

many cases this volume loss may be around 1% of the tunnel 
volume. This volume loss influences the state of stress in the 

surrounding soil. This may lead to additional settlement of the piles 
and a reduction of the bearing capacity of the foundation.

The interaction between loaded foundation piles and a tunnel 
under construction is a complicated mechanical problem. The 
problem is typically 3-dimensional and the stress distribution in the 
soil around a driven pile is still a point of discussion. Although at 

the moment software and hardware is available, suitable for 
modelling this problem in a 3-dimensional finite element model, the 
results need validation either by full scale or by model tests in the 
centrifuge.

Recently, the problem was modelled Delft Geotechnics, 
centrifuge, (Bezuijen and van der Schrier, 1994). The tunnelling 

process was simulated by a model tunnel: a cylinder with a diameter 
which can be varied in a controlled way. Six piles at different 

distances from the tunnel, loaded to 75% of the ultimate bearing 
capacity, have been used to investigate the pile-tunnel-interaction. 
During the test, in which the diameter of the tunnel was reduced, the 

settlement of the piles was monitored. Three different tests were 
performed: one preliminary test with limited instrumentation for a 
tunnel in homogeneous, saturated sand and two subsequent tests with 

a layered soil model analogous to the typical Dutch conditions, i.e. 
a (holocene) clay layer on top of a (pleistocene) sand layer.

Based on the test results it was concluded that additional pile 
settlement due to tunnelling can be quite significant, if the volume 
loss is about 1% or more and the distance between the pile and the 

tunnel is about or less than one tunnel diameter. More settlement was 
measured during the test in which the tunnel was located for a 
substantial part in the foundation (sand) layer. Extrapolation of the 

test results indicate that, if the tunnel is not located in the foundation 

layer, but in the overlaying clay layer, the influence of the tunnelling 
process is less significant: larger volume losses or shorter distances 
between tunnel and pile seem to be acceptable than.

During construction of the 2nd Heinenoord Tunnel full scale tests 

will be carried out using concrete and wooden piles. In the old cities 
in the western part of the country many buildings are founded on 
wooden piles. The results of this full scale test will be compared to 

the results of 3-dimensional finite element predictions and the results 
of the centrifuge tests.

6 CONCLUDING REMARKS

- In order to control the deformation behaviour of a segmental lining 
it is recommended to pay attention to the beam action of a tunnel.

- Special attention should be given to the stability of segments in the 

lining, as the empirical analysis with Winkler theory, in combination 
to the view that a segmental lining with ’joints’ will loose stability 
if the subgrade reaction modulus of the soil is too small
- The interaction between tunnelling and pile-foundations needs 
further research.

The cooperation of Mr. W.L. Leendertse, program-director of the 
’Centre for Underground Construction’ in Gouda, is gratefully 
aknowledged.

In Fig 5, an illustrative result is given of one of the predictions 
which was made to prepare the ’Instrumented rings’. One of the 
results of these predictions was the observation that not only the 
monitoring of stresses within the elements, but also the differential 
displacements between elements has to be measured. Special 

instrumentation for that is scheduled.
Finally; the analysis of segmental behaviour is important, 

especially in the case of soft soil, as the lining build from loose 
elements with prestresses in fact inherently represents an unstable 

structure, so that large joint openings and segment movements might 

occur if the proper attention is not paid to this issue.

5.5 Influence o f tunnelling on pile foundations

In the western part of the Netherlands, most buildings are founded 
on piles. The reason for that is discussed in section 3 of this paper. 
The length of the piles is 15 to 20 meter or even more. The tunnel 

boring process will take place at or around the same depth.
Normally, during tunnelling a larger volume of soil is removed 

than the volume of the tunnel itself. Using the present techniques, in
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