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The observational method, an aid in difficult soft soil conditions
La méthode d'observation, une aide dans le cas de sols meubles à faible portance

J.HerbsehIeb, T.C.Borst & J.C.W.M.de Wit -  de Weger architects and consulting engineers, Rotterdam, the Netherlands

ABSTRACT: The municipality of Amsterdam wishes 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. This paper will focus on the design philosophy of the deep station 
boxes. The excavations depths for the stations will exceed 30m and will be constructed in difficult soft soil conditions. A further sig
nificant aspect is that the building pits are very near (3 to 5 m) to buildings of historical importance. The design philosophy of the sta
tion boxes was to determine an acceptable balance between the safety requirements and construction costs. With the aid of an exten
sive site investigation program and analysis of the geotechnical parameters and research in FE models a sturdy design has been 
developed. Nevertheless small uncertainties still exist. To overcome these uncertainties in all aspects a tool with added value is thus 
necessary; without losing the proper safety margin: the Observational method

RÉSUMÉ: La municipalité d ’Amsterdam veut reduire le traffic routier dans le centre ville. La conséquence en est que le réseau de 
transports publics doit être élargi avec une nouvelle ligne de métro Nord/Sud.Cet article porte principalement sur la philosophie de 
conception des stations profondes. Les profondeurs d ’excavation pour les stations atteignent 30 m, dans des sols de “mauvaise” 
qualité. Une autre particulauté est que les chantiers se trouvent à proximité de monuments historiques (3 à 4 m). La philosopie de con
ception est basée sur la recherche d ’un équilibré acceptable entre la securité d ’une part et les coûts de réalisation d ’autre part. Avec 
l’aide d ’un programme détaillé d ’analyse du site, des paramètres geotechniques, d ’étude des modèles FE, une conception massive a 
été dévelopée. Néanmoins de petites incertitudes demeurent. Pour minimaliser ces incertitudes dans tous les domaines, un outil don
nant une valeur ajoutée, est nécessaire sans pour autant perdre de vue les marges de sécurité: la méthode d ’observation.

1 INTRODUCTION

The Amsterdam North/South metro line will connect several im
portant public transport systems (train, tram, bus, and métro) 
with the north, centre and south districts of Amsterdam, the 
Netherlands. The total length of the metro is 9 km, of which 4 
km will be constructed underground. The following two major 
restrictions are imposed for this project:

No significant damage to buildings may occur.
Disruption of city life should be limited.

To minimise the disruption of city life 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 to minimise the construction impact on historical 
buildings. Consequently the metro stations are located at signifi
cant depths (over 30 meters below surface level). Much design 
effort was required and special test procedures were carried out 
to investigate the realistic effects of underground construction in 
the City of Amsterdam.

2 GEOLOGY

The subsurface of Amsterdam is composed of sediments, up to 
depths varying between 800 to 1000 meters below ground level. 
The sediments (sands, silts, clays and peat) have originated from 
marine-, glacial-, eolian- and river deposits. In the upper 350 
meters of sediments two main geological important units are 
distinguished, namely Holocene (10.000 years - present) and 
Pleistocene (10.000 - 2.5 million before present) deposits, see 
Figure 1 for a general lithological profile of Amsterdam.

The oldest and deepest Pleistocene deposits are marine clays 
and fine-grained sands, which extend to a level of 250- 350 me
ter below ground level. During its maximum extension, the 
Saalian ice cap reached into Amsterdam, where glacier tongues 
excavated a deep basin in the unconsolidated Pleistocene depos-
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Figure 1. Lithological profile o f  Amsterdam (Gans 2000).

its (de Gans, 2000). During this period mainly glacial and melt 
water deposits were formed within the basin. After melting of 
the ice cap the Amsterdam Basin was flooded with the sea and 
partially filled with marine sands and clays (Eemclay). During 
the last ice age (100.000 - 10.000 years ago), the Netherlands 
experienced a tundra climate. The Amsterdam Basin was filled 
with mainly sand. These sand layers are very important to foun
dation practice in Amsterdam and marks also the end of the 
Pleistocene. Holocene deposits (mainly peats and clays) were 
mainly formed under the influence of the sea.

3 UNDERGROUND STATIONS

Four underground stations will be built as a part of the 
North/South line metro. For the construction of the underground 
stations, a building pit will be constructed having 1.2m thick
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braced diaphragm walls. These walls reach down to approx. 
NAP -35 m/ -40 m, see Figure 2.

The minimum distance between the building pit and the his
torical buildings is about 3 m. The building pit will be excavated 
in the dry after the water level inside the pit has been lowered. 
This can be done without influencing the water level outside the 
pit because the building pit walls continue down into the sealing 
Eemclay at a depth of 20-25m. The excavation depth varies per 
station and will be between 26-32m below street level. With a 
dry excavation the vertical equilibrium of the building- pit base 
must be considered. For the deepest building pits safety against 
vertical equilibrium cannot be achieved by the weight of the 
sealing ground stratum (Eemclay) alone. Additional measures 
are taken by excavating the deep part of the building pit under 
compressed air conditions.

4 SITE INVESTIGATION

Along the route of the North/South line a comprehensive soil in
vestigation has been performed. This soil investigation consisted 
of a total of 125 boreholes and about 400 CPT’s each up to 
depths of 70 meters, see also Figure 2. As well as these borings 
and CPT’s, special tests like Cone Pressure Meters (CPM) were 
also carried out.

In the laboratory the samples of the borings were classified 
and tested. The laboratory tests were used mainly to determine 
the strength and stiffness parameters of the soils, specially the 
Pleistocene Marine Eemclay. The determination of geotechnical 
parameters can not be seen apart from boundary conditions like: 

Calculations models 
Required safety

The calculation models and design of the building pit determine 
the type of geotechnical parameters. Advanced finite element 
programs with second order material models require different 
geotechnical parameters than analytical models. The careful

Table 1: Sources of Uncertainty (Mann 1993)

Type 1 Uncertainty (errors, bias and imprecision)

Errors in measurement Bias in measurement process
Imprecision o f  measurement process inadequate sampling 
Physical limitation to sampling Inability to know true accuracy

Type II Uncertainty (stochastically)

Inherent natural variation Heterogeneity in materials
Anisotropy in materials Noise in computational systems
Physical inability to sample adequately
Practical need to use average values rather than distribution functions

Type III Uncertainty (Ignorance)

Figure 2. Interplay design, models and site investigation

Lack o f  Knowledge Incomplete knowledge
Erroneous knowledge Imperfect concepts
Ambiguity in concepts, data, models Need for generalisations 
Need for simplifications Computational inaccuracies
Use o f  incorrect models (conceptual or mathematical)

selection of calculation (soil) models, the level of safety (risk 
analysis) and site investigation is the start of the determination of 
the geotechnical parameters. Part of this determination is to ac
cess the reliability of the (geotechnical) data.

4.1 Geotechnical uncertainties

In general three major types of uncertainties are recognised, be
cause each type arises in a different manner and is treated differ
ently (Mann 1993). These type of uncertainties are: Type 1 un
certainty arises through error, bias en imprecision of 
measurement processes. A second type of uncertainty (Type II) 
arises from inherent variation in natural parameters. Another 
type of uncertainty is due to lack of knowledge, or scientific ig
norance (Type III), see Table 1.

The site investigation has been such that the type 1 uncer
tainty has been minimised to a very low level, due to the fol
lowing setup of the investigation:
-  several contractors both for lab- and field testing;
-  cross checking of lab tests;
-  independent quality assurance;
-  expert opinions and independent research.
The type II and type III uncertainty were minimised also, how
ever some of the uncertainties remain still after the thorough in
vestigation and interpretation of all the collected field and labo
ratory data. Also Morgenstem (2000) recently emphasised that 
uncertainty is chronic in geotechnical practice and therefore risk 
must be managed. An essential component of assuring geotech
nical performance, over the wide range of deliverables, requires 
that the geotechnical engineer maintain an on-going awareness 
of factors that contribute to unsuccessful performance and intro
duce this awareness into comprehensive risk management tools. 
To manage the (geotechnical) risks it has been decided to adopt 
the so-called Observational Method as part of the design of the 
stations. This method has been firstly described by Peck (Peck,
1969), and more recently also in Eurocode 7.

5 OBSERVATIONAL METHOD

Because prediction of geotechnical behaviour is often difficult, it 
is sometimes appropriate to adopt the approach known as the ob
servational method, in which the design is reviewed during con
struction. When this approach is used the following four re
quirements shall all be made before construction is started:
1. The limits of behaviour, which are acceptable shall be estab

lished.
2. The range of possible behaviour shall be assessed and it shall 

be shown that there is an acceptable probability that the ac
tual behaviour will be within the acceptable limits.

3. A plan of monitoring shall be devised which will reveal 
whether the actual behaviour lies within the acceptable limits.
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The monitoring shall make this clear at a sufficiently early 
stage; and with sufficiently short intervals to allow contin
gency actions to be undertaken successfully. The response 
time of the instruments and the procedures for analysing the 
results shall be sufficiently rapid in relation to the possible 
evolution of the system.

4. A plan of contingency actions shall be devised, if the moni
toring reveals behaviour outside acceptable limits.

During construction the monitoring shall be carried out as 
planned and additional or replacement monitoring shall be un
dertaken if this becomes necessary. The results of the monitoring 
shall be assessed at appropriate stages and the planned contin
gency actions shall be put in operation if this becomes necessary.

5.1 Limits o f  behaviour (Criteria)

One of the most important criteria is the impact of the station 
construction on the surrounding buildings. This is of main im
portance because the historical buildings often have a limited re
sistance. With respect to the impact of the construction activities 
very strict constrains for the historical buildings are defined:
-  Horizontal deformations at the surface level
-  Distortions of the buildings
-  The vertical deformation of the 1st sand layer (foundation 

level of most buildings)
The last constraint, which is very important, is defined as an al
lowable settlement of 25 mm for general historical buildings in a 
good present state. Comparing to the dimensions of the excava
tion this can be considered as very strict.

The construction activities are causing the main part of the 
environmental impact. The following elements have been closely 
examined and investigated:
-  Excavation of the diaphragm wall trench, which introduces 

3D-stress strain behaviour in the soil layers.
-  The self-weight of the wall and the applied deck which cause 

settlement of the wall.
-  Excavation of the building pit that causes horizontal defor

mation of the diaphragm wall and a raise by the relaxation of 
the Pleistocene Eemclay that forms the base of the building 
pits.

-  Construction of the concrete structure and the replacing of the 
temporary struts by the final construction.

Some of the described mechanisms can cause settlement of the 
nearby pile foundations, others may result in a raise. Also the de
formations behaviour of the soil layers (clay) is time dependent 
due to consolidation and creep effects. This means that the final 
situation is not necessarily the critical situation, and that the en
tire construction process should be taken into account.

Settlement risk assessment studies were carried out to predict 
the risk and degree of deformation induced damage to adjacent 
structures. The specific surroundings conditions of the Amster
dam City centre demanded the application of analytical and nu
merical studies to analyse risk. The study results were presented 
as defined boundary conditions for historical masonry buildings 
and requirements for settlement inducing construction activities.

5.2 Range ofpossible behaviour (Calculation models)

There are three kinds of calculation models used to study the be
haviour of the station and surroundings. First the vertical loading 
of the diaphragm wall and the excavation of the building pit are 
analysed with 2D-FE models (Figure 3). The 2D-FE model is 
furthermore used to estimate the deformations, at ground- and 
foundation level, during the several stages of the excavation of 
the building pits. Secondly the excavation of the diaphragm wall 
trench is considered. However, as this is more complicated 3D- 
FE models are adopted to study 3D stress/strain effects.

For the FE models the software program PLAXIS is used. It 
is selected mainly because of the extensive soil library. After re
search, both internally and by the University of Stuttgart, the 
Hardening Soil model of PLAXIS appeared to almost suitable

Figure 3. Example o f  2D Finite Element Mesh

model for very large (unloading) excavations in sand and clay. 
By using the validated FE models and technology the most accu
rate predictions of the deformations can be assessed.

At last the more conservative spring model is used to calcu
late the stresses in the construction. Furthermore the spring 
model is used to fit the FE models and compare these calcula
tions. The deformation of the first sand layer is leading the de
sign. The deformations depend on the following:
-  Calculation models
-  Geotechnical behaviour (parameters)
-  Construction design and building sequence
With the FE models a range is determined in which the impact 
on the deformations is expected to be. This is done using the 
mean, lower- and upper bound characteristic values of both the 
geotechnical and structural parameters. By means of extensive 
parametric studies the influence of one certain parameter has 
been studied. Using all adverse or relieving values in one analy
sis a range of possible behaviour is assessed and it will show that 
there is an acceptable probability that the actual behaviour will 
be within acceptable limits.

Validation and verification of all models was an important is
sue. Full-scale tests were carried out and independent scientific 
and professional institutes were consulted for validation on:
-  Interpretation of the extensive soil investigation
-  Translation of this data to the FE models
-  FE models itself

5.3 Full-scale tests

Within the scope of the stations’ design a full scale test has been 
carried out to investigate the impact of the installation of a dia
phragm wall. The main objectives for this test were:
-  Expanding the knowledge on this subject, so that design ad

justments if necessary can be made in an early stage (before 
tendering).

-  Validation of 3D- FE model based on the test results, which 
also can be used on the station locations.

-  Gained insight in the specific execution aspects of diaphragm 
wall installation in Amsterdam soil.

The test consisted of three parts:
1. Prediction of the impact with a 3D FE model
2. Full scale test at a construction site in Amsterdam

a. Measurement of vertical and horizontal deformations of 
the soil adjacent to the excavated trench

b. Settlement of loaded piles
c. Impact on bearing capacity of piles, due to excavation 

and concreting of succeeding diaphragm wall panels.
3. Validation of 3D FE model based on the test results that have 

become available.
The test was carried out in 1998 and the results were interpreted 
during 1999.

Deformation prediction2D Finite Element Mesh

'TGrout strui
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The conclusions from this test can be summarised as follows (de 
Wit, et al, 1999):
-  The test results show that the installation of a diaphragm wall 

on this project has a minor effect on the surroundings and no 
significant impact on the piles of nearby foundations.

-  The 3D FE model proved to be able to predict the deforma
tions caused by the succeeding stages in the installation of the 
diaphragm wall. By means of back analyses the 3D FE model 
was validated. When using the upper bound values for 
strength and stiffness parameters of the soil layers a safe up
per bound of the measured deformations was calculated.

-  The use of 3D FE models for this construction process of dia
phragm walls is considered to be appropriate.

5.4 Monitoring plan

To anticipate ground movement and damage to buildings during 
construction and to enable timely and appropriate actions, an ef
fective monitoring concept has been designed. Buildings will be 
monitored using a fully automatic system of total stations and 
sensors. This on-line system will provide direct data for inter
pretation in the design office. A system of partly automatic and 
partly manual monitoring will be carried out during the con
struction activities for the stations:
-  Vertical ground deformations on surface level (outside the 

pit) with precise levelling points and on deeper levels (inside 
and outside the pit) with extensometers;

-  Horizontal ground deformations with inclinometers;
-  Horizontal and vertical deformations of the diaphragm wall 

(precise levelling points and inclinometer);
-  Strut monitoring
An area of about 70 m around the building pit will be monitored. 
The monitoring information is analysed and processed in such a 
way that during the construction period changes to the de
sign/process can be made. Possible adjustments are developed in 
advance as back-up measures. Some of the monitoring activities 
will start in advance of the actual construction activities to be 
able to investigation the "natural" behaviour of the buildings.

5.5 Settlement Risk Management with GIS

Settlement risk management is a important tool in controlling the 
effects of construction activities on the surroundings. It is im
plemented by a specially developed Geographic Information 
System (GIS), with settlement risk management modules:
-  Design
-  Data of defect surveys
-  Settlement predictions by FE modelling of stations’ construc

tion;
-  Damage classification system by 3D numerical risk assess

ment studies on typical masonry structures using settlement 
predictions;

-  Building classification based on damage classification system 
and settlement predictions

-  Mitigating measures for locations with unacceptable damage 
risk Construction

-  Monitoring data
Within the design phase GIS is used to combine settlement pre
dictions and building classifications along the station in order to 
confirm or adjust the stations’ design or to design mitigating 
measures. During construction the GIS allows for rapid inter
pretation 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 a early decision can 
be made about active measures.

5.6 Contingency Plan

The result of the (FE model) design calculation is a range and 
envelope of deformations in the subsoil that represents the possi
ble impact of construction on the surroundings and that will have

to meet the boundary conditions of the masonry buildings. This 
is achieved with both passive as well as active measures in the 
stations design. Passive measures are taken in advance e.g. six or 
seven strut levels, a deep jet grout strut etc. An active measure is 
taken during construction and based on relation between numeri
cal analysis results and monitoring results during construction 
Active measures can be the pre-stressing level of the struts, ad
ditional struts / strut levels or increasing the compressed air.

6 CONCLUSIONS

Extensive parametric studies were carried out taking into ac
count the upper and lower bound values of both geotechnical pa
rameters as well as material properties of the concrete structure. 
In a complex project, like the excavation of a building pit (di
mensions: Ixhxw=120mx30mx20m), in a busy city very close 
(<5m.) to existing vulnerable houses all elements (geotechnical 
parameters, calculation models and structural design) are linked 
in a complex way, see Figure 4. With the aid of an extensive site 
investigation program and analysis of the geotechnical parame
ters, research in FE models a sturdy design has been developed. 
Nevertheless small uncertainties still exist. To overcome these 
uncertainties in all aspects a tool with added value is thus neces
sary without losing the proper safety margin: the Observational 
method.
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