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The North/Southline from site investigation to diaphragm
wall installation

J. Herbschleb, R. van der Sman & J.C.W.M. de Wit
Royal Haskoning

ABSTRACT: The municipality of Amsterdam wish to reduce the level of car traffic within the City Centre. As

a consequence the public transport is to be extended by a new North/South Metro line. The excavation depths for
the stations will exceed 30 m and will be constructed in difficult soft soil conditions. A further significant aspect

is that the building pits are very near (3 to 5 m) to buildings of historical importance. The stations will be built with

a so-called cut and cover technique, using diaphragm walls to support the construction pit. The existing historic
buildings of Amsterdam have their foundations very near, (about 3 m) of these diaphragm walls. This requires
special construction techniques and a careful design so that deformations of the foundations are minimised. To
derive the geotechnical parameters, an extensive site investigation plan was executed. The geotechnical test
both in the field and the laboratory have concentrated on the Pleistocene clays and sands. The information from
the laboratory and field tests was used together with advanced 2D Finite Element modeling software to make
predictions of the deformations of the existing building foundations as a result of making a deep station in
Amsterdam. Prior to the start of the diaphragm wall building process a true scale test in Amsterdam was done to
investigate the soil response when making a diaphragm wall in soft soils. The results of this test are calibrated
with 3D Finite Element models as a first step in analyzing the soil behaviour.

1 INTRODUCTION

The Amsterdam North/South metro line will con- Gk &
nect the North, Centre and South districts of Ams-
terdam. The total length of the metro is 9 km, of which
4 km will be constructed underground, see figure 1.

The following two major restrictions were imposed
for this project:
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1. No significant damage to historic buildings.
2. Disruption of city life should be limited.

To minimise the effects of the construction to adjacen
historical buildings a bored tunnel will be adopted for - }
the underground sections in the city centre. The tun
nel follows the street pattern as closely as possible
and descends to a great depth Consequently the mei
stations are at a great depth as well.

A building pit will be constructed for the stations,
using the cut & cover technique with braced diaphragn
walls to a level of over 40 m below street level. The
excavation will be carried out to a depth of over 30 m
in soft soil conditions with high ground water lev-
els. The influence of construction on historic buildings
was a significant design issue since the distance to the
stations is locally only 3m. Much design effort was2 SITE INVESTIGATION
required and special test procedures were carried out
to investigate the effects of underground constructiohe goal of the site investigation is to obtain a consis-
in the Amsterdam city. tent “image” of the sub-surface which is the basis of a

Figure 1. Route North/Southline metro.
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safe and sound design. The “image” of the subsurface parameter with an accuracy of 90%. This value was
in case of this project is acquired by: derived for the simple laboratory test.

— distinguishing the different soil layer to a depth of?- Representative choice. Statistics can only be
70 m below ground level. applied to non-biased data. Such data are in this

— determination of the variation in (geotechnical) C¢ase the stiffness properties and angle of internal

properties of the soil layers. friction.
— defining the geohydrology.
— knowledge on obstacles.
To meet above boundary conditions a comprehensiv&1-1 Unloading stiffness (Eur) ,
soil investigation has been performed. This soil investi] N unloading stiffness is an important soil property
gation consisted of 125 boreholes and about 400 CPT® the design of the bored tunnel and deep stations,
each up to depths of 70 meters, plus associated labBecause excavation of the soil causes unloading. For
ratory tests. The laboratory tests were used mainly ﬁhls reason the unloading stiffness is derived from the
determine the strength and stifiness parameters of tH8/lowing tests:
soils, specially the Pleistocene Marine Eemclay. — Oedometer with unloading step

— Triaxial test (loading and unloading)
. o N — Cone Pressio Meter (CPM), in-situ tests
2.1 Interpretation site investigation

With the interpretation of the site investigation data™ vValue of Eur is calculated from an Oedometer test
and derivation of the design values the followingWith unloading step equally to the way an Eoed value
aspects are considered: is calculated from a loading step.

Also from the triaxial tests the unloading stiff-

— goal of calculation (stability, deformation, etc)  ness could be derived. Within this site investigation
— type of calculation (analytical, finite element, etc) the (un)loading behavior was simulated in the lab
— available data, standard deviation and range dfy triaxial test using different stress paths. The Eur

values is calculated from a triaxial unloading test using the

The goal of the calculation is important, in the case30-called EOinstead of an E50 value from a “standard”
of deformation predictions the goal is to simulate thefiaxial test. . _
behaviour as close as possible. In the case of stabil- A Cone Pressio Meter testis similar to a Self Boring
ity calculations the goal is to obtain a required Safet}}?ressurem_etertest, e>_<ceptthat|nth|s case the_ load-cell
margin against failure. This means that for both case$ Pushed into the soil using a CPT. By loading and
different values of the same parameter is required. Unloading the soil at different depths the unloading
A Finite Element model uses (complex) mathematStifiness can be calculated. i
ical soil models, with specific boundary conditions to  Seefigure Z for a representation of the several
the value of the geotechnical parameters. This meari§Sts; as can be seen from the graph the range of val-

that the type of calculation is important also, as eaci€S for this specific parameter (Eur) is rather large,
type requires its own parameters. namely between 10 and 90 MPa. Standard statistical

The variation in the data is a function of: procedures to derive an average value, lower an upper
boundary of a range of values does not apply in this

— complexity of the soil tests case. The main reasons are that the data set is a com-
— natural variance of the soil ) bination of several data sets (Oedeometer, etc). Also
— the sensitivity of the sample to disturbance the unloading stiffness is a function of the followed

— type of site investigation (laboratory or in-situ)  stress path and strains. In this case the values are
— dependence of the parameter for instance on in-sitdormalised to a value of 100 kPa, but the strain depen-
stress or strain dency remains. For this reason the average, lower and

For simple laboratory tests, like volumetric weight, theUPPer boundaries are chosen values. The values are
variance is only a function of the natural variance ofchosen using the following arguments:
the soil. In the case of complex test like triaxial test
the variance is a function of all mentioned elements.
Due to the possible variance and range found i
the interpretation it is necessary to define upper an
lower boundaries of parameter. In case of this project
the upper and lower boundaries were derived using one
of the following two options (Herbschleb 2001):

— the upper boundary value is taken at a small strain

n (unloading) stiffness#{ 10-4) as present within the

d CPM test

the lower boundary value is taken a relative large

strains ¢ 10-2), which results from loading a sam-

ple in an Oedometer test.

— the average value isthan taken in between the results

a. Characteristic value. This represents the statistical of the Triaxial (unloading) test and the CPM test
lower and upper boundary of the average value of a results.
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Figure 2. Results of unloading stiffness (Herbschleb, 2002).

3 DESIGN PHILOSOPHY In the upper 350m a distinction is made between
Holocene and Pleistocene deposits. The oldest Pleis-
The design philosophy of the station building pits hagocene deposits (250—-350 m below ground level) are
been to determine an acceptable balance between thearine clays and fine-grained sands. During its max-
safety requirements and construction costs. imum extension, the Saalian ice cap reached into
In general it can be stated that the stations’ desigAmsterdam, where glacier tongues eroded a deep basin
mainly is based upon allowable impact of the construcin the unconsolidated Pleistocene deposits (de Gans,
tion on the historic surroundings. The impact on the2000). On the bottom of this basin mainly glacial and
construction was predicted using FE-models. With thenelt water deposits were formed. After melting of the
FE-models the deformation at foundation level wadce cap the Amsterdam Basin was flooded with the sea
predicted. Parametric studies, using the upper- anand partially filled with marine sands and clays (Eem-
lower boundaries of the geotechnical parameters wergay). During the last ice age (100.000-10.000 years
used to define the range of impact. The resistancago), the ice cap did not extend to the south of Ams-
of the historic buildings was investigated resulting interdam. In that period the Netherlands experienced a
boundary conditions, specified for the Amsterdam sittundra climate. The Amsterdam Basin was filled with
uation. The range of impact can be assessed by usimgainly sand. These sand layers are very important to
the Observational Method (Herbschleb et al, 2001)foundation practice in Amsterdam and marks also the
which results in a cost effective design approach.  end of the Pleistocene.
Holocene deposits (mainly peats and clays) were
mainly formed under the influence of the sea. The ris-
3.1 Models ing sea (0.5 m per century) reached the presentlocation

To make the design philosophy as described above & Amsterdam 7000 years ago. During the Holocene a
success important input data like the prediction of théiver connection existed to the sea. This river produced
constructions’ impact and the assessment of the resi§!0sion channels in the Pleistocene sand deposits. In
tance of the historic buildings have to be reliable. Tothese channels thin sand and (soft) clay layers were
achieve the goals a complete range of models frorfeposited.

conceptual geological models to complex 2D and 3D

FE models have been important tools. 3.1.2 Conceptual models
For the interpretation of the CPT's conceptual mod-
3.1.1 Geotechnical data collection, geological els are used. These conceptual models are based on
and GIS modelling prior global geological knowledge of the area and engi-

The subsurface of Amsterdam is composed of sedieering experience. The global geological model of
iments (sands, silts, clays and peat), up to depthdmsterdam provided the basic information including
varying between 800 to 1000 m below ground levelproperties on the subsoil conditions.
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3.1.3 Statistical models this research it proved that the so-called Hardening-
The global geological model of Amsterdam indi- Soil model represents a much more advanced model
cated the presence of an overconsolidated Pleistocettean a standard Mohr-Coulomb model. Within the
Marine clay layer (Eemclay). The properties of thisHardening Soil model the limiting states of stress are
Eemclay are important both to the behaviour of thedescribed by means of the friction angle, the cohe-
building pits and the bored tunnel, hence much emphasion, and the dilatancy angle. The soil stiffness is
sis was given to research the Eemclay. From the sitdescribed by using three different types of soil stiff-
investigation it was concluded that this layer is rel-ness: the triaxial loading stiffness, E50, the triaxial
atively homogeneous (Qc between 2.5 and 4 MPa)nloading stiffness, Eur, and the Oedometer loading
however the variance in the laboratory results (stiff-stiffness, Eoed. Also the soil stiffness is a function of
ness, etc) was relatively large. To investigate the reasdhe effective stress.

for this variance a statistical cluster (K-means clus-
tering) analysis was, amongst others, performed on
the CPT results. On basis of this clustering research,
comparative research of the laboratory tests, and thor-
ough geological research the Eemclay was finally 30t090m 245m
subdivided into ten (sub)layers with significant dif-
ferent soil properties. Prior to this site investigation
the Pleistocene clay was divided in only three layers.

3.0t09.0m

3.1.4 GIS modelling , fi
3D GIS models, containing all geotechnical data, were., 4
used to produce 2D and 3D geotechnical profiles atthé ! =

specific locations. % | |,
<

-10

3.1.5 Finite Element modelling s

The Finite Element models are mainly used to predict .. \ Grout strut
the impact of the construction of the station boxes. \

For this reason a large amount of sensitivity calcula-

-30

[w + dvN] ydeq

-40

tions were made. With these calculations the soil and «* J \
structural parameters (lower, average and upper limit oo -%

— + Excavation NAP

value) were varied such that within a acceptable range |- excavaion nap 15.0m
the impact can be predicted. Features like settlements =22
of buildings and surface level and deformation of the =
diaphragm wall are calculated. The historical environ-
ment requires a careful approach of all construction

processes needed to build the underground station: ED

deformation
modelling

-50

— excavation of the diaphragm wall trench;
— excavation of the building pit;

. Figure 3. Design philosophy (Herbschleb, Borst 2001).
— construction of permanent body.

The excavation of the building pit and the construction
of the permanent body can be analysed with a 2D FE
model, in which the full building sequence with time
schedule is processed (figure 3).

The time dependent behaviour of subsoil was in an
important item within these analyses. The excavation
of the diaphragm wall trench, however, is far more
complicated because of the 3D behaviour. Therefore
it was decided to carry out a research project on the
diaphragm walls’ excavation. The main objectives of
this project were to investigate the diaphragm wall
installation in the Amsterdam soil and to develop a
validated 3D FE model (de Wit et al, 1999 and 2002).

3.1.6 Constitutive model
Much research was undertaken to choose the appropri-
ate constitutive model for the FEM calculations. After Figure 4. 2D FE model (Herbschleb, Borst 2001).
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3.1.7 FE model validation The construction phases are considered using
The (Finite Element) models have been verified withspring, 2D frame and plate models. In the excavation
several true scale tests in which the deformationphase only the braced diaphragm wall need to be con-
and stresses in similar soil conditions were measuresidered. This is done using a spring model in which the
including the behaviour of pile foundations. Both thesubsoil is modelled as bi-linear springs and will take
installation of a diaphragm wall and the excavationaccount for horizontal soil- and water pressures. Since
of the building pit were tested. This test project wasthe spring model is not able to consider time dependent
conducted to gain more insight in the deformationsbehaviour of the soil (consolidation effects) the FE
that occur during installation of a diaphragm wall in model is used for reference and validation purposes.
Amsterdam soil conditions (de Wit, et al, 1999, 2002).

A 3D FE model was developed for prediction purposes

and was validated after the full scale test program wag DIAPHRAGM WALL INSTALLATION

carried out. The 3D FE model proved to be able to pre-

dict the deformations caused by the succeeding stag&se building pit for Rokin station is made by the
in the installation of the diaphragm wall. Within the cut and cover technique. For the (permanent) walls
same test project the excavation of the building pitdiaphragm walls are used. Prior to installation of the
was monitored followed by a validation of a 2D FE diaphragm walls the foundations and remains of old

model. quay walls were removed. And subsequently an soil
. o o reinforcementwas installed using Mixed in Place tech-
3.1.8 Modelling historic buildings nigues. To monitor the behaviour of the Mixed in Place

The resistance of the historic buildings was investi-yng diaphragm wall installation a monitoring program
gated by means of settlement risk assessment studies s installed.

which the risk and degree of settlement induced dam- The monitoring consists of inclinometers and exten-
age to adjacent structures was predicted. The SpeC'f%meters, at various depths and distances from the
surrounding conditions of the Amsterdam city centregiaphragm wall, see figure 5.

necessitated the application of analytical and numeri-

cal studies to investigated this risk. The study results

were used to define boundary conditions for the his4.1 Plaxis 3D

torical masonry buildings and the requirements forthey, 3p Finjte Element analysis was performed with
settlement inducing construction activities (Kaalbergo|axis to back-calculate the soil behaviour of the
etal, 1999). complete diaphragm wall building sequence.

3.1.9 GIS model The complete building sequence is:

Settlement risk management is an important tool in_ jnstallation of MIP

controlling the effects of construction activities on the_ oy ~avation of diaphragm wall panel

surroundings. It is implemented by a special devel-_ concreting of diaphragm wall panel

oped Geographic Information System (GIS). Within

the design phase GIS is used to combine settlement within Plaxis 3D drained soil conditions are mod-
predictions and building classifications in order toeled. Although in reality undrained soil behaviour is
confirm or adjust the stations’ design or to design mit-

igating measures. During construction the GIS allows

for rapid interpretation of the monitoring data using

the information from the design modules. If necessary

back analyses can be carried out and be implemented

in the GIS. In this way an early decision can be made

about active measures.

3.1.10 Structural modelling
The stations’ structural dimensions are verified using
2D spring/frame/plate models. They were used mainly
because of the experience with these models and the
benefit of fast interpretation of the results. The FE
models described before were used as a reference and
validation model only. Validation was applied in cases
of complex interactions between soil and structure.
Since the diaphragm wall is integrated in the per-
manent body both the final stage and all construction
phases are considered. Figure 5. Test location.
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Figure 6. Plaxis 3D model.
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Figure 7. Results near diaphragm wall.
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5 CONCLUSIONS

There are little criteria (standards, guidelines, etc)
which describe the amount of site investigation data for
complex projects. At this project the site investigation
plan was based on prior knowledge of the geology.

The interpretation of the geotechnical properties has
been a complex process, due to the different bound-
ary conditions (stress path) assumed in the parameters
for each model, dependency to strain, etc. This means
that statistics could not be applied to derive (bound-
ary) values fore some geotechnical parameters. This
meant that the stress/strain relation of the stiffness and
strength properties was investigated. On basis of this
research the upper and lower boundaries were set.

Extensive parametric studies were carried out tak-
ing into account the upper and lower bound values
of both geo-technical parameters as well as mate-
rial properties of the concrete structure. In a complex
project, like the excavation of a building pit (dimen-
sions: Ix hx w=120mx 30mx 20m), in a busy
city very close € 5m) to existing vulnerable houses all
elements (geo-technical parameters, calculation mod-
els and structural design) are linked in a complex way.
With the aid of an extensive site investigation program
and analysis of the geotechnical parameters, research
in FE models a sturdy design has been developed.

Currently the (major) construction works at the
North/Southline have started. The interpretation of the
site investigation will be validated against the obtained
monitoring data to have a better understanding of the
soil-structure interaction in this project. A first step has
been the validation of the installation of the diaphragm
walls.
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