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Validation of designmethods with in situ monitoring of deep excavations

Validationduméthodededimensionnementavec mesuresd’excavationsprofondes

M. Korff
Department of Foundation Engineering and Underground Construction,GeoDelft,Netherlands

J. Herbschleb
Royal Haskoning/ Adviesbureau Noord/Zuidlijn,Netherlands

ABSTRACT

Duringthe last 10 yearsseveral shield tunnelling projects have beencarried out in theNetherlands.TheNetherlandsCentre forUn-
dergroundConstruction(COB)performsstudiesatallshield tunnelling projectsin theNetherlands.Thesestudiesincludethe behav-
iour ofthestartandreceptionshafts duringexcavationattwo ofthetunnels built so far. This paper describestheresults ofmeasure-
mentsandanalyses performedattwosuchcharacteristic deepexcavations. Bothinvestigationsresultedinimproved knowledge onthe
prediction ofthe movementsandforces acting onconstruction parts of deepexcavationsinclaysandsands.

RÉSUMÉ
Pendant les 10 dernières années plusieurs projets de tunnels creusés ont été effectué aux Pays-Bas. Le Centre de la Construction
Souterraine Hollandaise (COB) réalise des études sur tous les projets de tunnels creusés aux Pays-Bas. Ces études incluent le
comportement des puits d’amorceetderéceptionde deuxtunnels construitsjusqu'à présent.Cetarticledécritlesrésultats des mesures
et des analyses effectuées pour deux excavations caractéristiques. Ces deux études ont résulté dans des méthodes améliorées pour la
prédiction des mouvementsetdes forces agissantessurlesparties delaconstruction d'excavations danslesargilesetlessables.

1 INTRODUCTION

During the last 10 years several shield tunnelling projects have
been carried out in the Netherlands. Tunnelling in soft soils has
become an important way of constructing the necessary infra-
structure in dense populated areas. Because of the need for
shield tunnels to be constructed with sufficient cover, the shafts
at the start and reception of the tunnel boring machine are usu-
ally made with deepexcavations in building pits.

The Netherlands Centre for Underground Construction
(COB) performs studies at all shield tunnelling projects in the
Netherlands. These studies include the behaviour of the start
andreceptionshaftsattwo ofthe tunnels builtso far. This paper
describestheresults of measurementsand analyses performedat
two characteristic deep excavations for start and reception
shafts. Tocompletethe overview ofDutch building pitresearch,
reference is also made to specific validation projects in recent
yearsand projectsinthe near future.

2 TESTSITES

The building pit test sites at which measurements were per-
formed are part oftwo of the tunnels that are constructed for the
Betuwe Route cargo railway, which crosses The Netherlands
from West (Rotterdam Harbour) to East (Germany). The first
test location is the start shaft of the Sophia Rail Tunnel con-
structed in typical soft soil conditions. The second test location
is the reception shaft of the Tunnel Pannerdensch Kanaal in the
Eastern part ofthe country, mainly constructed insands.

At the Sophia Rail Tunnel the deep excavation (20 m.) is
constructedto just above a stiff clay layer. During excavation of
the building pit the underlying soil layers are unloaded, which
causes heave during and after excavation. The deep excavation
was made with the use of a combi-wall into the stiff clay layer
to provide a dry workspace in an artificial polder. Under water
concrete with reinforcement was used to resist the water pres-
sures during the final stage with the tunnel in use. The meas-

urements focused on the horizontal deformations of the combi-
wallandthe heave ofthesoil-layers beneathexcavationlevel.

At the Sophia tunnel site a typical situation for the soft
Western part of the Netherlands is found, having about 11 m of
soft to very soft clays and peats overlying the Pleistocene sand.
The stiff clay layer is situated about 5 m below the deepest ex-
cavation level. Ground water pressures are close to surface
level.

At the Pannerdensch Kanaal tunnel the behaviour of the
building pit as a whole is studied. The deep excavation (about
15 m.) is constructed in quite homogene sand layers. The shafts
are constructed with combi-walls and an underwater concrete
floor (reinforced with steel fibres) and tied down with vertical
anchors. The ground water pressures are strongly influenced by
the water level in the canal which the tunnel is crossing. The,
possible fluctuations may be several meters during (heavy) rain
periods. An advantage of the quite homogene sand layer in
which the building pit was constructed is that design methods
can be validated more easily due to the absence of “disturbing”
layers. Atthislocation measurementsweredone onthe horizon-
tal deformation, and strain levels in the supports and under wa-
terconcrete.

The Sophia Rail Tunnel shaft was constructed in 1999-
2000, the PannerdenschKanaalreception shaftin 2002-2003.

3 DESIGNOFDEEP EXCAVATIONS

Deep excavations in the Netherlands are usually designed with
several methods, each for a specific part of the construction. In
more advanced cases Finite Element Calculations are made to
determine the interaction of construction parts and deformations
of the surroundings. The results described in this paper are re-
lated to (almost) all elements of deep excavations. The follow-
ing aspects were studied in the validation cases: heave of soil
below excavations, deformations of the combined walls, behav-
iour of struts and under water concrete floors and stiffness of
vertical anchors. Use is made of figure 1 to describe all aspects
ofthetwo validation projects describedabove.
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Figure 1 Design aspects of deep excavations (modified from
(Gaba etal., 2002))

3.1 Heave

At the Sophia Rail Tunnel the deep excavation (20 m.) is con-
structed to just above a 7 m thick stiff clay layer (Kedichem
clay) of marine origin. Duringexcavation ofthe building pitthe
underlying stiff clay layer is unloaded, which causes heave dur-
ing and after excavation. This heave influences the building pit
floor because an upward force is exerted when the heave is
“prevented” by the floor. These forces can become quite large if
deformationisfully prevented.Results ofthe measurementsare
described in more detail in (Kwast et al., 2001) and (COB,
2002). The mostrelevantconclusionsare:

- the clay layer reacts directly to the unloading due to the
excavation. No negative pore pressures were measured. Some
creepeffectscould occur;

- the unloading of the deeper sand layer attributes to the to-
tal deformation to larger extent than expected (about 60% of the
total heave measured);

- prediction of heave with Terzaghi-Buisman-Koppejan
models (1D and semi 2D) is possible. However using the
(heave) parameters as measured from laboratory tests an over
prediction of the amount of heave in the clay layer was calcu-
lated;

- interaction of building pit walls, floor and soil below the
floor is not taken into account in analytical analysis. This inter-
action causes compression of soil layers just below the floor in
thiscase,which was not foundin analyticalanalysis;

- estimation of heave using the FEM PLAXIS with the
Hardening Soil model results in reasonable good approximation
with the measurements. In this case soil deformations were pre-
dicted accurately, but deformations of the construction parts
were overestimated;

- design methods for predicting heave depend mainly on the
soil parameters. These soilparameters can be achieved from tri-
axial testing. This testing should be performed with the stress
paths expected during construction. For design of heave unload-
ing tests are needed with small strain measurements (about
0.01%).

Figure 2 Measurements inSophia RailShaft

3.2 Floors

Building pit floors are subjected to several loads during con-
struction. The unloading due to excavation and dewatering of
the building pit causes stresses due to the (soil) heave. Futher-
more a resulting water pressure will occur under the floor. De-
formation of the walls is partly prevented by the floor, causing a
normal force in the floor. Bending moments are reduced if piles
or anchors are installed. During the final construction (in this
casethetunnel)the floorisloaded downwards.

In the Sophia project the under water concrete was not used
toresistthe water pressures duringconstruction. It was designed
for the final stage with the tunnel in use. No piles or anchors
were used, but instead the floor was reinforced with traditional
reinforcement to take the heave pressures. During dewatering
the floor was lifted about 10 mm in total, resulting in only a
small bending moment. This deformation was caused by
movement of the shaft as a whole. Due to heave of the soil be-
low the floor in the weeks after dewatering the shaft, the defor-
mation in the middle of the floorincreased to about 15 mm. The
estimated pressureagainstthe floor was 20 kPa.

In thePannerdensch Kanaal project the floor was reinforced
with steel fibres and anchors were placed at distances of about
2.5m – 3 m. This floor was usedto resist the water pressures af-
ter dewatering. The deformation of the floor was about 5 -13
mm during dewatering. No time effects were seen. Special
measurements were performed in the concrete floor, using a 3D
frame withstrain gauges(see figure 3).

Figure 3Strain gauges onframe to be put in underwaterconcrete
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Four of these frames were placed underwater before the
concrete was poured. From the strain gauges the moment distri-
bution in the floor is calculated. Since the stain measurements
include the effectof hardening of the concrete the calculation of
the moments is difficult. Compared to the bending moments
predicted in the design phase the (interpreted) moments are
about 10 – 40% higher. The design method however did not in-
clude the partly flexible connection of the ground anchors to the
floor. This leads to under prediction of bending moments in the
floor.

3.3 Struts

Strains were measured in the struts at Pannerdensch Kanaal.
The measurements were influenced by temperature changes.
Since part of the temperature effect is prevented by the walls on
either site of the struts, resulting in unknown stresses, it was not
possible to take the temperature effect into account. By using
night time measurements (at constant temperatures) the normal
force in the strut was determined to increase with about 600 kN
per strut during dewatering of the shaft. Installation forces and
forces during the first stages of construction were not measured,
so absolute values are not given. Normal forces decreased
strongly during furtherconstruction.

3.4 Walls

Deformation of the walls were measured in both cases and re-
latedto predicted ones.

In Pannerdensch Kanaal measurements were taken in the
middle of the shaft (2D situation) and near a compartment wall
(3D situation). The deformations near the compartment wall
were significantly smaller than in the middle(maximum of 40 –
50 mm versus 5-10 mm). Distances to the compartment wall
were about 0,4 and 2,7 times the width of the excavation. These
results were however influenced by the location of the instru-
ments, since the inclinometers at the 2D situation were put on
the wall itself and the devices for the 3D situation were added a
short time later at 2 m behind the wall. Deformations on oppo-
site sides of the construction were similar but not exactly the
same. Differences of about 10 mm occurred, although no sig-
nificant different loading was present. Predictions for the de-
formations were a little smaller, but in the same range (35 mm)
asthe measurements.

Deformations of the walls at Sophia Rail project were in
good accordance with the calculations. See also (Schiphouwer
et al., 2001) and (COB, 2002). Differences appeared during de-
watering of the shaft, when the polder construction caused a
complex behaviour of the soil under the construction when it
was partlycompressedand partly heaving.

3.5 Anchors

For the behaviour of (vertical) anchors in the floor this research
has only secondary results. In Pannerdensch Kanaal the defor-
mations of the anchors were measured in the Western shaft. The
deformations were very small (some millimetres), indicating a
verystiff behaviour oftheanchors.

3.6 Nearbystructures & utilities

In the two cases for the Betuwe Route Cargo Rail no special at-
tention was given to deformations and effects on nearby struc-
tures. This was the result of the position of the shafts having no
structures nearby at all. It was still considered an important sub-
ject to study for future projects. Since most measurements
would interfere with the contractors work, it was decided to

move this topic to future research. In 2005 the COB starts the
research on the behaviour of the deep excavations made for the
Amsterdam North/South Metro link. With the help of a large
amount of monitoring data on theconstructionand nearbystruc-
turesthis topic will bestudiedextensivelyinthecoming years.

4 RESULTSOFTHE VALIDATION PROJECTS

The validation of design methods resulted in conclusions and
recommendations for design of deep excavations. Since the
validation at Pannerdensch Kanaal is still ongoing, conclusions
are not final yet.

The two COB-research projects show that validation of in-
tegral building pit design is difficult because of the complexity
of construction activities and the methods of monitoring. Al-
though finite element methods make it easier to design for inter-
action of construction parts, the combination of structural com-
ponents with geotechnics is still not matured for overall
building pit design validation.

Attention should be given to the monitoring system to en-
sure the quality of the validation. Reference measurements
should be made to relate deformations and stress to absolute
valuestoencount for movements of pitsasawhole.

Measurements in structural components of building pits are
influenced bytemperatureand hardening ofconcrete.

Measurements in soil below building pit floors should com-
prise the full depth of the soil below the excavation until no in-
fluenceisfoundleft.

Good cooperation with the contractor on site ensures better
quality of the measurement results. The research activities
shouldinterfereaslittleas possible with dayto day work or bet-
ter,should be part ofit.

Wall deformations can be predicted reasonably well with
design methods as spring models and finite element models. In-
teraction between wall, strut, floor and soil are more difficult to
predict.
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