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ABSTRACT 

Building a sustainable structure in soil or rock that satisfies all predefined tech-
nical requirements implies choosing a rational and effective construction method. 
An important aspect is how the performance of the structure is verified. For cas-
es when the geotechnical behaviour is hard to predict, the existing design code 
for geotechnical structures, Eurocode 7, suggests the so-called “observational 
method” to verify that the performance is acceptable. The basic principle of the 
method is to accept predefined changes in the design during construction, in or-
der to accommodate the actual ground conditions, if the current design is found 
unsuitable. Even though this in theory should ensure an effective design solution, 
formal application of the observational method is rare. It is therefore not clear 
which prerequisites and circumstances that must be present for the observational 
method to be applicable and be the more suitable method. 

This licentiate thesis gives a critical review of the observational method, based on, 
and therefore limited by, the outcome of the performed case studies. The aim is 
to identify and highlight the crucial aspects that make the observational method 
difficult to apply, thereby providing a basis for research towards a more applica-
ble definition of the method. The main topics of discussion are (1) the apparent 
contradiction between the preference for advanced probabilistic calculation 
methods to solve complex design problems and sound, qualitative engineering 
judgement, (2) the limitations of measurement data in assessing the safety of a 
structure, (3) the fact that currently, no safety margin is required for the complet-
ed structure when the observational method is applied, and (4) the rigidity of the 
current definition of the observational method and the implications of deviations 
from its principles. 

Based on the review, it is argued that the observational method can be improved 
by linking it to a probabilistic framework. To be applicable, the method should 
be supported by guidelines that explain and exemplify how to make the best use 
of it. The engineering judgement is however not lost; no matter how elaborate 
probabilistic methods are used, sound judgement is still needed to define the 
problem correctly. How to define such a probabilistic framework is an urgent 
topic for future research, because this also addresses the concerns regarding safe-
ty that is raised in the other topics of discussion. 
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SAMMANFATTNING 

För att i berg eller jord kunna konstruera en anläggning, som uppfyller satta tek-
niska krav, krävs det att man väljer en rationell och effektiv konstruktionsmetod. 
En viktig aspekt i detta val är hur man verifierar konstruktionens funktion avse-
ende exempelvis bärförmåga eller stadga. För fall när konstruktionens beteende 
svårt att förutsäga, erbjuder gällande standard (Eurokod 7) den så kallade obser-
vationsmetoden. Denna metod tillåter i förväg förberedda förändringar i desig-
nen under konstruktionstiden, om observationer av konstruktionens beteende 
indikerar att så behövs. På så vis anpassas konstruktionen till de faktiska förhål-
landena i marken. Trots att detta tillvägagångssätt i teorin borde ge en rationell 
design, används metoden sällan. Det råder därför oklarheter om vilka förutsätt-
ningar och omständigheter som krävs för att observationsmetoden ska kunna 
användas och dessutom utgöra den bästa lösningen. 

I denna licentiatuppsats granskas observationsmetoden och dess användbarhet. 
Målet med licentiatuppsatsen är att belysa de aspekter som kan utgöra svårigheter 
när observationsmetoden används. Dessa identifierades under arbetet med några 
fallstudier. Licentiatuppsatsen ger därmed en utgångspunkt för fortsatt forskning 
för att ta fram en mer användbar definition av observationsmetoden. De viktig-
aste aspekterna som diskuteras i uppsatsen är (1) den skenbara motsatsen mellan 
användandet av sannolikhetsbaserade beräkningsmetoder för att lösa komplexa 
dimensioneringsfrågor och kvalitativa ingenjörsmässiga bedömningar, (2) de be-
gränsningar som finns när man använder mätdata för att utvärdera konstruktion-
ers säkerhet, (3) att det för tillfället saknas krav på säkerhetsmarginal mot brott 
för konstruktioner som byggts med observationsmetoden, och (4) vad svårighet-
en att uppfylla Eurokodens strikta definition innebär för metodens användbarhet. 

Utifrån resultatet av granskningen dras slutsatsen att observationsmetoden kan 
förbättras genom att ge den ett sannolikhetsbaserat ramverk. För att förenkla 
användningen bör riktlinjer och anvisningar utformas. Även om metoden utveck-
las mot en högre grad av beräkningskomplexitet, kommer ingenjörsmässiga be-
dömningar också framgent att vara viktiga, eftersom en avgörande aspekt är hur 
problemställningen formuleras. Med ett sannolikhetsbaserat ramverk ökar möj-
ligheten att lösa de frågeställningar kring säkerhet som också diskuteras i uppsat-
sen. 
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1 INTRODUCTION 

1.1 Background 

The performance of a structure built in soil or rock is evaluated from many dif-
ferent criteria set up by the owner, the designer, and the society. Anything from 
aesthetic design to the technical requirements on for example stability, strength, 
durability, and serviceability can be included. In addition, the construction must 
generally fulfil demands on economical, societal, and environmental sustainability 
to be accepted by the society. This implies using rational and effective construc-
tion methods and minimising life cycle cost, without inflicting unnecessary harm 
to humans or the environment during the lifetime of the structure. 

An important aspect is the choice of verification method to ensure that the per-
formance of the structure is acceptable, since the verification method influences 
the choice of construction method. Choosing the right verification method can 
therefore have a major influence on the outcome, in terms of both total cost and 
environmental impact. 

According to the existing design code for geotechnical structures, Eurocode 7 
(CEN 2004), the performance of the structure is assured by verifying that no 
“limit state” is exceeded; i.e., all specified technical demands on the structure are 
fulfilled. The Eurocode states four acceptable verification methods for geotech-
nical structures: 

– calculating with analytic, semi-empiric, or numeric models, 
– adopting prescriptive measures, 
– using experimental models or load tests, 
– applying the observational method. 

The first includes calculation models that either are accurate or err on the safe 
side. If not, another method must be chosen. Prescriptive measures include for 
example strictly empirical – and often very conservative – design rules. They can 
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be appropriate when calculation models are unavailable or unnecessary. The ob-
servational method is pointed out as more suitable when the geotechnical behav-
iour is hard to predict. Its basic principle is to accept changes in the design during 
construction, to accommodate the actual ground conditions, if the current design 
is found unsuitable. When put like this, it looks simple enough and certainly ra-
tional; adjusting the design to the conditions at the site should be an effective way 
to achieve the optimal solution. Still, the method is rarely applied when con-
structing in soil or rock, at least in accordance with its formal definition. It is 
therefore not clear which prerequisites and circumstances that must be present 
for the observational method to be applicable. 

1.2 Aim of thesis 

This licentiate thesis provides a critical review of the observational method, based 
on, and therefore limited by, the outcome of the case studies made in the ap-
pended papers. The aim of the review is to identify and highlight the crucial as-
pects of both the design process and the project features that make the observa-
tional method difficult to apply. Discussing these issues, I strive to provide a ba-
sis for research towards a more applicable definition of the observational method.  

1.3 Outline of thesis 

The review is based on a literature study and exemplifying case studies. The case 
studies serve to show the practical implications of the requirements of the obser-
vational method. 

The thesis consists of four scientific papers preceded by a main text that puts the 
papers into a context and discusses their major findings. There are two published 
peer-reviewed journal papers (Papers I and III), one published peer-reviewed 
conference paper (Paper II), and one recently accepted conference paper (Pa-
per IV).  

The main text includes two main chapters, covering the development of the ob-
servational method and some background to the probabilistic approach that was 
used to assess structural safety in the appended papers. This is followed by a brief 
summary of the papers. The Papers II and III are related to properties in the 
measurement data that implicitly affect the applicability of the observational 
method, while the Papers I and IV are more directly focusing on its applicability. 
The major findings of the papers are then discussed in the context of the obser-
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vational method set in a probabilistic framework. Lastly, conclusions are present-
ed together with some suggestions for future research.  

1.4 Limitations 

The thesis focuses on the application of the observational method in rock engi-
neering. Since a major part of the work has been on case studies, the content and 
conclusions are naturally coloured by the specific features of these cases. There-
fore, the review is far from complete. Instead, the thesis highlights and thorough-
ly discusses the critical issues that were found during the work with the case stud-
ies. 

In applying the observational method, there is a connection to risk analysis and 
decision theory, related to how the risk can be minimised. Although these con-
cepts indirectly are discussed, as reducing uncertainty implies reducing the risk, 
their formal application is not within the scope of the thesis. Also, the contractual 
constraints in applying the observational method are, although recognised as an 
important aspect in practice, only briefly addressed in the literature study. 
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2 THE OBSERVATIONAL METHOD 

2.1 Early development 

The origin of the observational method is often credited to Peck (1969), although 
his paper actually is more of a synthesis of a practical work approach called the 
learn-as-you-go method, which was formulated and developed by Terzaghi dur-
ing the preceding decades. The general philosophy of the method can however 
be traced back through history. An antique example1 comes from the Phoenici-
ans, who improved the design of a canal after observing that its sides were prone 
to fail when cut to steeply (Herodotus c. 430 B.C. [1922]). The importance of 
making observations when there are geotechnical uncertainties was also recorded 

                                              

1 “/.../ This Athos is a mountain great and famous, running out into the sea; it is inhabited by men. 
At the mountain’s landward end, it is in the form of a peninsula, and there is an isthmus of about 
twelve furlongs’ width; here is a place of level ground or little hills, from the sea by Acanthus to the sea 
which is over against Torone. On this isthmus, which is at the end of Athos, there stands a Greek town, 
Sane; there are others too seeward of Sane and landward of Athos, which it was now the Persians’ 
intent to make into island and not mainland towns; to wit, Dion, Olophyxus, Acrothoum, Thyssus, 
Cleonae. 

23. These are the towns situate on Athos; and the foreigners dug as I shall show, dividing up the ground 
among their several nations. They drew a straight line near the town of Sane; and when the channel had 
been digged to some depth, some stood at the bottom of it and dug, others took the stuff as it was digged 
out and delivered it to yet others that stood higher on stages, and they again to others as they received it, 
till they came to those that were highest; these carried it out and cast it away. With all save only the 
Phoenicians the steep sides of the canal break and fell, doubling the labour thereby; for inasmuch as they 
made the span of the same breadth at its highest and its lowest, this could not but happen. But the 
Phoenicians showed therein the same skill as in all else that they do; having taken in hand the portion 
that fell to them, they so dug as to make the topmost span of the canal as wide again as the canal was to 
be, and narrowed it ever as they wrought lower, till at the bottom their work was of the same span as 
what the rest had wrought. There is a meadow hard by, where they made a place for buying and market-
ing; and ever and anon much ground grain was brought to them from Asia.” 

From Herodotus [translated by A.D. Godley] (c. 430 B.C. [1922]), The histories, Book VII, 
verses 22-23. 
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by pioneering Swedish engineers in the early 20th century. In the final report by 
Statens Järnvägars geotekniska kommission [Geotechnical Committee of the 
Swedish State Railways] (1922), observations of ground movements combined 
with ample warning systems was suggested to avoid accidents, since absolutely 
safe embankments were not deemed as defensible financially. Incidentally, this 
milestone report also includes the first known record of the term “geotechnical” 
(Massarsch & Fellenius 2012). 

As the field of geotechnical engineering developed during the 20th century, Ter-
zaghi and Peck strived to give an alternative to the customs of that time for cop-
ing with geotechnical uncertainties: either taking a risk by making the assumption 
that the present conditions are in line with the general, average experience, or 
adopting a very conservative – but costly – safety margin. Concluding that for 
many cases neither approach is sufficient to achieve an effective design, Terzaghi 
and Peck laid the basis for the modern definition of the observational method. 

2.2 Peck’s definition of the observational method 

Peck (1969) formulated eight steps to follow when applying the observational 
method: 

a. “Exploration sufficient to establish at least the general nature, pattern 
and properties of the deposits, but not necessarily in detail. 

b. Assessment of the most probable conditions and the most unfavour-
able conceivable deviations from these conditions. In this assessment 
geology often plays a major rôle. 

c. Establishment of the design based on a working hypothesis of behav-
iour anticipated under the most probable conditions. 

d. Selection of quantities to be observed as construction proceeds and 
calculation of their anticipated values on the basis of the working hy-
pothesis. 

e. Calculations of values of the same quantities under the most unfa-
vourable conditions with the available data concerning the subsurface 
conditions. 

f. Selection in advance of a course of action or modification of design 
for every foreseeable significant deviation of the observational find-
ings from those predicted on the basis of the working hypothesis. 

g. Measurement of quantities to be observed and evaluation of actual 
conditions. 

h. Modification of design to suit actual conditions.” 
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During the following decades, the observational method was applied in different 
types of geotechnical construction; however, few projects were documented and 
published. Muir Wood (1990) briefly summarised some examples, trying to draw 
attention to the method. To the 25th anniversary of Peck’s 1969 paper, Géotech-
nique called for papers on the observational method for a themed issue in De-
cember 1994 and held a symposium in January 1995, to discuss the method and 
its future development with the authors of the themed issue. The symposium 
discussions were later published together with the discussed papers in a book 
edited by Nicholson (1996). Although the symposium was mainly positive to ap-
plication of the observational method, there was a notable disagreement regard-
ing its status and definition. Hence, further clarification of how and when to ap-
ply the method and ensure safety was found to be needed. In fact, not even Peck 
himself was fully content with his own definition of the method (Peck 1991). The 
possibility to extend the observational method into long-term monitoring during 
the operational phase was acknowledged great potential, even though the docu-
mented case studies are few (further discussed in section 2.6). Other key issues 
that were found to need attention were the current contractual constraints (sec-
tion 2.3.3), the measurement techniques and the interpretation of data (section 
2.3.2), initiation of more research projects on the observational method, and ex-
tending the number of documented case studies. 

2.3 Requirements for applying the observational method 

2.3.1 Choosing the observational method 

Although there is an ongoing discussion on how to properly apply the observa-
tional method, some basic requirements regarding the nature of the project has 
become clear. An obvious prerequisite is that the method must offer a more ad-
vantageous deal than other available (“more robust”) design methods. The whole 
construction process must be analysed; for example, it must be considered that 
extensive instrumentation might slow down the project and that preparing con-
tingency actions will demand more time during the design process. Peck (1969) 
points out that the principles he formulated might not be possible to completely 
fulfil, depending on the nature of the problem at hand. However, the method has 
one crucial limitation: it will not be applicable if the nature of the project is such 
that the design cannot be changed during construction.  

Peck (1969) differs between two main categories of projects where the observa-
tional method can be used. The best-way-out applications are for cases when an 
unexpected event has occurred to a project designed with another method and 
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the observational method offers the most suitable way to proceed from there. 
The other category, Peck calls ab initio, which implies that the observational 
method already at the beginning of the project was seen as the most rational de-
sign method. Peck suggests the use of the most probable parameter values to 
describe the conditions, when designing with the observational method. At times, 
however, this assumption might seem too risky. Powderham (1994) has therefore 
promoted the use of more conservative values in the preliminary design. This 
gives the opportunity to progressively modify the design towards the most optimal 
solution, instead of requiring quick action to avoid a critical failure. The design 
can however still be less conservative than a conventional design approach would 
suggest. Szavits Nossan (2006) provides an elaborate discussion on this matter 
and Serra & Miranda (2013) have recently exemplified it in a case study of a shal-
low tunnel. Powderham’s approach is supported by Nicholson et al. (1999). 

2.3.2 Proper measurement and data interpretation 
The essential benefit of the observational method is the possibility to use meas-
urements and observations to reduce geotechnical and constructional uncertain-
ties. With less uncertainty, the construction is more likely to be economically op-
timal in fulfilling the defined requirements on its performance. Powderham 
(1994) concludes from previous case studies that although reduced safety margins 
sometimes is inferred against the method, an enlarged and improved monitoring 
program could actually increase the safety during construction, as it improves the 
understanding of the present conditions at the site.  

The quality of the measurements is a vital factor when applying the observational 
method. In addition to avoiding practical issues such as instrumentation malfunc-
tion and poor handling of measurement equipment, which easily occur when the 
importance of the measurements are not properly emphasised to the staff on site 
(Peck 1969), proper monitoring plans require careful theoretical considerations. 
Badly located equipment will not give any useful results, no matter how fine it 
measures. In some less formal lecture notes, Peck (1970) in fact expresses his 
serious worries about the development of field observation routines. Peck’s con-
clusion2 effectively highlights the importance of knowing what you are doing. 

                                              

2 “It concerns me that the legitimate use of instrumentation may be set back by a rising tide of disillu-
sionment on the part of those who have been persuaded to embark on elaborate [field observation] pro-
grams that promise too much. It concerns me that too many programs are based on the number of in-
struments to be used rather than on the questions to be answered. It concerns me that sophistication and 
automation are substituted for patient proof-testing of equipment under field conditions. To the extent 
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In addition, Stille & Holmberg (2010) point out that the uncertainty of the meas-
ured parameter must be of epistemic nature; that is, the uncertainty must be re-
ducible with measurements and not completely random (this is further discussed 
in section 3.3). 

2.3.3 Good relations and communication between involved parties 

It is often emphasised that the observational method needs a good internal cul-
ture within the project. All involved parties must together strive towards a com-
mon goal if the observational method is to be successful (Powderham 1994, 
Nicholson et al. 1999, Chapman & Green 2004, Hartlén et al. 2012). Conversely, 
the opposite causality is also inferred; using the observational method promotes 
in itself greater motivation and teamwork within the project (Powderham 2002). 
The possibility to support and encourage good communication between all in-
volved parties is linked to the kind of contract used in the project. A contract 
type that separates the designer from the constructor is consequently making 
communication trickier. Hammond & Thorn (1994), Powderham & Nicholson 
(1996), and Einstein (1996), among others, discuss relevant contractual features 
which could make the observational method easier to apply. Some examples are 
fair risk-sharing between the involved parties, an advanced pricing strategy which 
acknowledges variations, and working as a team where all parties benefit from 
improvements and savings.  

2.3.4 Project characteristics for a successful application 

Korff et al. (2013) have analysed a number of case studies of projects in which 
the observational method was used, to find the project characteristics that are 
associated with successful application of the observational method. They con-
clude that the method is better for serviceability limit states than for ultimate lim-
it states, since the previous is less critical. Observation of a sudden brittle ultimate 
failure can be challenging, as the timeframe to put in contingency actions is very 
limited or non-existent. A ductile behaviour is therefore often preferable. Projects 
with a stepwise or multistage production process can be advantageous since it 
allows learning from previous behaviour. Reports on successful application of the 
observational method (or related, less strictly defined approaches) have been 

                                                                                                                                

that such practices prevail, they must be discouraged so that the observational approach itself will not be 
discredited. We need to carry out a vast amount of observational work, but what we do should be done 
for a purpose and done well.” 
 
Quoted from the conclusion of Peck’s (1970) lecture notes from an ASCE seminar on 
field observations in foundation design and construction. 
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provided by e.g. Powderham & Rutty (1994), Nicholson (1996), Powderham 
(1998, 2002), Nicholson et al. (1999), Peck (2001), Moritz & Schubert (2009), 
Maidl et al. (2011), Wu (2011), Hartlén et al. (2012), Serra & Miranda (2013), and 
most recently, in Paper I appended to this thesis. 

2.4 The observational method in Eurocode 7 

Being defined in Eurocode 7 (CEN 2004), the observational method is today an 
accepted alternative to conventional design methods for geotechnical structures. 
The Eurocode definition is however slightly different from Peck’s version (“P” in 
the following indicates a principle, which must not be violated): 

(1) “When prediction of geotechnical behaviour is difficult, it can be ap-
propriate to apply the approach known as ‘the observational method’, 
in which the design is reviewed during construction. 

(2) P The following requirements shall be met before construction is 
started:  
– acceptable limits of behaviour shall be established; 
– the range of possible behaviour shall be assessed and it shall be 

shown that there is an acceptable probability that the actual behav-
iour will be within the acceptable limits; 

– a plan of monitoring shall be devised, which will reveal whether the 
actual behaviour lies within the acceptable limits. The monitoring 
shall make this clear at a sufficiently early stage, and with sufficient-
ly short intervals to allow contingency actions to be undertaken 
successfully; 

– the response time of the instruments and the procedures for ana-
lysing the results shall be sufficiently rapid in relation to the possi-
ble evolution of the system; 

– a plan of contingency actions shall be devised, which may be 
adopted if the monitoring reveals behaviour outside acceptable lim-
its. 

(3) P During construction, the monitoring shall be carried out as planned. 
(4) P The results of the monitoring shall be assessed at appropriate stages 

and the planned contingency actions shall be put into operation if the 
limits of behaviour are exceeded. 

(5) P Monitoring equipment shall either be replaced or extended if it fails 
to supply reliable data of appropriate type or in sufficient quantity.” 
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Notably, the Eurocode definition of the method is very general; in fact, even 
more so than Peck’s version. However, to accommodate all kinds of geotechnical 
design issues, where each project has its unique features, a general definition is 
necessary. More surprising is that available design guidelines, e.g. Frank et al. 
(2004), do not give any further advice on how to apply the method. This includes 
for example how to show that the design fulfils the five requirements in (2)P in 
the definition, and how to make sure that the final design of the completed struc-
ture fulfils the society’s demands on structural safety by having an appropriate 
safety margin. These issues are further discussed in Paper IV and in sections 5.3 
and 5.4. The entire Eurocode definition of the observational method is discussed 
in Paper I, in which the groundwater control in a tunnel project is compared with 
the principles of the observational method.  

2.5 The observational method in underground excavation 

2.5.1 Difficulties in rock engineering application 

Most documented uses of the observational method have until now been related 
to structures in soil; formal application in tunnel design has been very rare, even 
though observations and measurements of the ground behaviour are needed in 
almost all tunnel projects (Schubert 2008). In principle, difficulties in predicting 
the geotechnical behaviour can for underground excavations mainly be found in 
the variation in rock quality, the interaction between the rock mass and support, 
and in the quality of the executed support measures (Palmström & Stille 2010). 
Stille & Holmberg (2010) exemplify this with three possible design situations in 
rock engineering: assessing rock support from rock mass classifications, assessing 
local stability in tunnels based on deformation measurements analysed with 
Bayesian updating (this tool is further elaborated in Stille & Holmberg (2008) and 
Holmberg & Stille (2009)), and assessing the required thickness of shotcrete lin-
ing for rock support. They conclude that the formal implementation of the ob-
servational method in the design of underground excavations should not impose 
any significant problems to the design process, but rather strengthen today’s de-
sign practices. Palmström & Stille (2010) add an increased demand for better 
transparency and traceability in the projects, and, as discussed above, a need to 
overcome the current contractual constraints. Schubert (2008) emphasises that 
the field of ground characterisation would need significant development. Having 
selected tunnel support without considering the mechanical processes in the 
ground makes it hard to find the most suitable contingency action, for example. 
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In recent years, Moritz & Schubert (2009), Maidl et al. (2011), and Paper I have 
presented case studies, in which the observational method more or less strictly 
was applied to different types of design problems in tunnelling projects. 

2.5.2 The new Austrian tunnelling method (NATM) 
NATM is in principle an empirical approach for tunnelling, developed from prac-
tical experience. It is sometimes viewed as an application of the observational 
method. (Muir Wood (1990) prefers the name “incremental support”, rather than 
NATM, since the latter sometimes is used for any support with rock bolts, mesh 
and shotcrete, even if the observational method is not applied.) Palmström & 
Stille (2010) give a summary of the basic principles of the NATM. It was devel-
oped between 1957 to 1964, originally for tunnelling in weak or squeezing 
ground. The essence of the method is to choose one suitable support method, 
from a set of predefined standard methods, based on the (subjectively) observed 
ground behaviour at the tunnel front. Although observation is an important tool, 
the NATM do generally not include the probabilistic considerations required in 
formal application of the observational method in accordance to the Eurocode. 
Therefore, the NATM is sometimes seen as a less strictly defined “observational 
approach”. NATM is however more in line with Peck’s interpretation of the ob-
servational method, which is discussed in section 5.1.  

From a contractural point of view, the NATM shows some features, which could 
be interesting to develop for the formal application of the observational method. 
According to Bieniawski (1984), the constructor is paid for the support depend-
ing on the observed rock mass classification after each drill and blast round. Such 
flexible arrangements are vital to the success of the method; however, in some 
countries, such clauses are unacceptable, which makes implementation more dif-
ficult. 

2.6 The observational method in dam engineering 

The number of documented case studies, in which the observational method has 
been used on dam structures, is very limited. Peck (1969) discusses the design of 
a dam, for which the observational method almost was chosen; however, the idea 
was abandoned when the designer could not find any suitable contingency ac-
tions for a crucial eventuality. Another exception is Hachich & Vanmarcke (1983). 
They combine Bayesian updating (see section 3.3.3) with a reformulated observa-
tional approach to analyse the flow pattern through an embankment dam based 
on pore pressure data, and from this they assess the safety of the earth slope.  
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Of interest, but not yet further developed, is the notion proposed by Powderham 
(1994). He suggests that it could be useful to continue the observational method 
into the operational phase as a long-term monitoring with predefined contingen-
cy actions for landslips, dams, and buildings. Having already instrumented the 
site extensively, it is natural to make use of this as much as possible.  

The original purpose of the research behind the Papers II and III was to develop 
a framework for how the observational method could be used in safety reassess-
ments of existing concrete dams (like the spillways in Figure 2.1). The working 
hypothesis for this application is presented in Spross et al. (2013). If a safety reas-
sessment based on conventional design assumptions has indicated an insufficient 
safety level, the suggestion is to consider the dam to be an “unfinished” structure. 
Measurements or other types of observations can then be used to establish the 
actual conditions at the site (unlike the conservative empirical relations used in 
conventional dam safety analyses). By treating the measurement data in accord-

 

Figure 2.1. The spillways of Akkats in the Lule älv River is an example of a concrete dam 
structure. (Photo: Hans Blomberg).
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ance to the framework of the observational method, it should be possible to set-
tle whether stability-enhancing modifications are needed to achieve a sufficient 
safety margin. 

While working in compliance with this hypothesis, it however became evident 
that the uplift pressure under the dam did not qualify as a suitable control param-
eter, since previous measurements were found unsuitable to predict the future 
behaviour in many cases. This is the topic of the Papers II and III. The implica-
tions on the applicability of the observational method are discussed in section 5.2. 

2.7 The observational method in a probabilistic framework 

From the requirements in the Eurocode definition of the observational method 
(section 2.4), it is obvious that some probabilistic considerations are needed to 
comply with the definition. The extent is not defined, however. I discuss this fur-
ther in section 5.1, but before that, the probabilistic approach to assess structural 
safety is presented. It provides one way to fulfil the requirements of the observa-
tional method, but it also has its limitations. 
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3 THE PROBABILISTIC APPROACH IN 
STRUCTURAL SAFETY 

3.1 Probability of failure versus safety factor 

Traditionally in engineering, structural safety has been assessed with a determinis-
tic safety factor, often defined as the ratio between the average resistance R and 
average applied load S: 

	  (3.1)

The basic principle is to design the structure with a sufficient safety margin, so 
that any uncertainties in the assessment of either the resistance or the load do not 
threaten to cause failure (Elishakoff 2004). The stipulated safety factor for a given 
structural component is commonly a result of judgement and experience from 
occasional failures. In theory, large uncertainties require large safety factors. 
However, the safety factors agreed on in design codes and guidelines are not cali-
brated to each other; thus, equal safety factors do not necessarily imply equal 
safety level. In addition, they generally do not consider the present uncertainty in 
each individual case. Hence, a large safety factor might “unnecessarily” be applied, 
even though the level of uncertainty is low, or, worse, a too low safety factor in a 
case with large uncertainties.  

Such inconsistencies have paved the way for the development of probabilistic 
safety assessments, which more directly address the aim of structural safety as-
sessments: minimising the probability of failure (Doorn & Hansson 2011). Ad-
mitting that both R and S is are random variables, this can be expressed as the 
probability that the load exceeds the resistance: 

, 0 0  (3.2)



16 

where G(R, S) is the so-called limit state function, defining the limit between safe 
behaviour and failure of the structure. Formally, for the general case, Equation 
(3.2) is (Melchers 1999) 

	 0 . . .  (3.3) 

where  is the joint probability density function for all random variables, 
which are compiled in the vector X. Equation (3.3) is normally not possible to 
integrate analytically, but a number of approximate methods are available. The 
most common methods are presented in section 3.4. 

Both the deterministic and the probabilistic approaches have their respective ad-
vantages and disadvantages (Doorn & Hansson 2011); for example, probabilistic 
design methods allows comparison between structures, whereas safety factors 
might better capture unquantifiable uncertainties such as unknown failure mech-
anisms. Probabilistic analyses are however currently coming into favour, at least 
as a complement to the deterministic approach. Given the references to probabil-
ity in the definition of the observational method, the probabilistic approach is a 
natural choice for this application. 

3.2 The Bayesian view on statistics in structural safety 

The aforementioned statement that the probabilistic approach directly assesses 
the probability of failure might give a false impression. A calculated probability of 
failure of a structure should in fact in most cases not be interpreted as a measure 
of failure frequency. That would require a stationary world with large amounts of 
statistical data and theoretical evidence (Vrouwenvelder 2002). For structural de-
sign, where every project has its unique features, this interpretation of failure 
probability is not viable. 

The Bayesian view on statistics offers another interpretation (Vrouwenvelder 
2002, Baecher & Christian 2003). A calculated probability of failure should then 
be seen as the best possible expression of degree of belief in failure of the struc-
ture. This implies that although few safety assessments will reflect the inherent, 
true, probability of failure of the individual structure, the assessments will for a 
large number of structures be correct on the average. Thus, the fundamental dif-
ference between the frequentistic and the Bayesian approaches is that a frequentist 
considers nature to be full of unknown constants that can be found after many 
repeated trials, while a Bayesian interprets the states of nature as random varia-
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bles to which probability statements can be assigned. The Bayesian interpretation 
is the most useful for design of geotechnical structures, according to 
Vrouwenvelder (2002) and Baecher & Christian (2003). This approach is there-
fore adopted in this thesis. 

3.3 Sources of uncertainties for random variables 

3.3.1 Aleatoric and epistemic uncertainties 

When executing a probabilistic safety assessment, one must recognise that there 
are different sources of uncertainty. Generally, sources of uncertainty are divided 
into two main groups: aleatoric and epistemic uncertainty, see e.g. Christian 
(2004). The former is named after the Latin word for dice thrower, aleator, and 
refers to an unpredictable, random behaviour, implying that no matter how much 
is spent on investigation, this uncertainty will not be reduced. The opposite is 
valid for epistemic uncertainty, which comes from the Greek word for 
knowledge. Epistemic uncertainty refers to lack of knowledge about the property 
and will consequently decrease as more investigations are performed. 

In geotechnical applications, the spatial variability is often defined as aleatoric 
uncertainty. For example, consider an arbitrary volume of rock or soil. At first, 
very little is known about it; thus, the uncertainties are large. With some investi-
gations, it is possible to increase the knowledge about its properties and reduce 
the epistemic uncertainties. However, at some point the uncertainties can no 
longer be reduced, but the variability is related to the actual spatial variation with-
in the material. The observant might argue that the spatial variability hardly is 
random; once the property is known in every point in the volume, there are no 
uncertainties at all (except for temporal variation, but this is disregarded here). 
Interpreting this variability as aleatoric uncertainty is here a way to model the spa-
tial variability within a defined volume, implying that the property value at an 
arbitrary point can be seen as a random variable. However, due to the nature of 
the soil, two points nearby tend to be correlated; that is, have similar properties. 
This correlation of a variable with itself over space is known as autocorrelation. It 
implies that the variability will be dependent on the scale. For example, if a very 
small volume is considered, the variability will probably be smaller than for a 
larger volume, since all the points in the volume will be more likely to have simi-
lar properties (Baecher & Christian 2003).  

In practice, the epistemic uncertainty will also contribute to the total uncertainty 
from a number of different sources (Baecher & Christian 2003). The three main 
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categories are characterisation uncertainty, model uncertainty, and parameter un-
certainty. The first category relates to how the site investigation is interpreted and 
depends on for example measurement error or unrepresentative data samples. 
The model uncertainty depends on how well the applied mathematical model 
represents the reality. The parameter uncertainty is related to the error introduced 
when the property of interest has to be estimated from test data or by transfor-
mation with empirical factors.  

To account for the total uncertainty related to a parameter, Baecher & Ladd 
(1997) proposed the following division of the total uncertainty in terms of vari-
ance components: 

 (3.4) 

where  is the variance of the spatial (inherent) variability of the property,  

is the variance of the random measurement error,  is the variance related to the 

determination of the mean value of the property, and  is the variance of any 
bias in the transformation from the measured property to the property of interest. 
Similar divisions of geotechnical uncertainty have been presented by e.g. 
Christian et al. (1994) and Müller et al. (2014). 

3.3.2 Interpreting measurement results to assess the variability 

Measuring and monitoring are important components in most geotechnical engi-
neering applications. It can be pre-investigations to acquire data for the design 
process or observations of the structural behaviour during construction, either to 
only verify the design in a conventional project or as a part of the observational 
method. In any case, the interpretation of the acquired data to estimate parameter 
values and probabilistic distributions is of vital importance. The techniques and 
procedures used to draw conclusions about the real world from measurement 
data are commonly referred to as statistical inference, and they are described in 
most textbooks on statistics, e.g. Baecher & Christian (2003), Ang & Tang (2007), 
and Johnson (2011). Notably, the principal difference between the frequentistic 
and the Bayesian interpretations also concerns statistical inference. 

Depending on the nature of the observed parameter, different types of analyses 
can be applied to the sample. Some examples are estimation of probabilistic dis-
tribution with the related mean and variance, and regression and correlation anal-
yses. An example of Bayesian linear regression to estimate the annual maximum 
pore water pressure under a concrete dam is given in Paper II and III. Bayesian 
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sampling theory is used in Paper IV to assess the mean and variance of the de-
formation modulus in a rock mass. 

When assessing measurement data, the engineer must consider the influence of 
epistemic uncertainty on the total variability. Müller et al. (2014) propose an “ex-
tended multivariate approach” for assessing spatially averaged values of a proper-
ty and its related coefficient of variation. The extended multivariate approach 
makes use of both random field theory (Vanmarcke 2010) and Bayesian statistics 
to significantly reduce the total uncertainty. Its complete application is not within 
the scope of this thesis, but to achieve a complete assessment of a property value 
and variation, such techniques must be applied. In this thesis, including the ap-
pended papers (mainly Paper IV), a simplified approach is taken, in which the 
total uncertainty is divided into only two categories: 

 (3.5)

where  is an assumed to be a non-reducible scatter component, defined as 

 (3.6)

This implies that some possible uncertainty reduction techniques in the evalua-
tion of measurement data are neglected. For example,  is at least partially epis-
temic. The effect of the simplification on the conclusions of the thesis is judged 
to be insignificant. 

3.3.3 Bayesian updating of a prior assumption 

The Bayesian interpretation has another advantage. It allows the combination of 
subjective knowledge, such as expert judgement, with more objective data from 
measured observations. This procedure is described from an engineer’s perspec-
tive in Ang & Tang (2007). For example, a crude prior estimation of a relevant 
quantity (e.g. a mechanical property) can be updated with observations of the 
quantity of interest, to get a more accurate estimation. The connection to the ob-
servational method is easily seen; measurements during construction can be used 
to update preliminary design assumptions from pre-investigations or expert 
judgement. Applications of Bayesian updating together with the observational 
method are shown by e.g. Hachich & Vanmarcke (1983), Baecher & Ladd (1997), 
Stille & Holmberg (2008), Wu (2011), Zetterlund et al. (2011), and in Paper IV. 
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3.4 Methods for computing the probability of failure 

3.4.1 Levels of detail 

Once all parameters in the limit state function have been defined as probability 
distributions (or constants, if the effect of the variability is judged insignificant 
for the result), the probability of failure of the analysed limit state can be com-
puted from Equation (3.3). There are a number of different methods available. 
They are extensively described in textbooks on structural reliability, such as 
Melchers (1999), Nikolaidis et al. (2005), and Ditlevsen & Madsen (2007). The 
methods can be divided into several levels, depending on its respective complexi-
ty. 

 Level I methods model uncertainty with a characteristic value for each 
variable, which is a common approach in design codes. 

 Level II methods model uncertainty with mean value, standard devia-
tion, and correlation coefficients of the random parameters. The pa-
rameters are however assumed to be normally distributed. 

 Level III methods model uncertainty with the joint distribution func-
tion of all random parameters. 

 Level IV methods also take the consequences of the failure into ac-
count; thus providing a tool for e.g. cost-benefit analyses. 

In this thesis, two common level III methods are used: Monte Carlo simulation 
and the first-order reliability method (FORM). They are briefly described in the 
following. 

3.4.2 Monte Carlo simulation 

In a Monte Carlo simulation, a mathematical operator containing random varia-
bles is repeatedly calculated. For each repetition, one sample is generated from 
each probability distribution of the random variables, after which the limit state 
function  is evaluated with the samples  representing one possible combi-
nation of the random variables. If 0, this particular outcome of the ran-
dom variables gives “failure”. Thereby,  can be calculated as the ratio between 
the number of repetitions causing failure and the total number of repetitions. 

The accuracy of a Monte Carlo simulation depends on the number of repetitions 
in relation to the mean probability of failure ̅ ; the larger sample, the more accu-
rate result. Accepting a certain error from the Monte Carlo simulation, the re-
quired number of repetitions N can be determined from (Ang & Tang 2007) 
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error	 in	% 	200
1	 ̅
	 ̅

 (3.7)

3.4.3 First-order reliability method 

The first-order reliability method has been developed from a family of approxi-
mate methods that can be used to compute probabilities of failure. They are 
commonly referred to as “first-order second-moment methods”, since they line-
arise the limit state functions (hence “first-order”) and approximate the probabil-
ity distributions of the random variables with their first two moments (mean and 
standard deviation). First-order second-moment methods implies the calculation 

of the safety index , which relates to the probability of failure with 

Φ Φ
μ

 (3.8)

where Φ  is the standard normal distribution function, and μ  and  are the 
mean and standard deviation of the limit state function, respectively. For linear 
limit state functions with normally distributed random variables, Equation (3.8) 
gives the exact probability of failure (in the Bayesian sense). In all other cases, the 
relation is approximate. 

A significant improvement was proposed by Hasofer & Lind (1974). By trans-
forming all variables and the limit state function into standard normal space, they 
created an invariant format for the computation of the safety index. Thereby, the 
safety index becomes independent of algebraic reformulations of the limit state 
function. 

The limitation to normal distributions was later overcome by adopting approach-
es that transform correlated non-normal distributions into corresponding inde-
pendent normal distributions (Hohenbichler & Rackwitz 1981). Some common 
approaches are the Rosenblatt transformation for non-normal distributions and 
the Cholesky approach to create independent variables. The Hasofer-Lind format 
constitutes together with such transformations the coherent methodology that is 
generally known as the first-order reliability method. 

The basic principle of the method is as follows: when all random variables have 
been transformed into independent variables in standard normal space, the limit 
state function is approximated with a linear hyperplane. The safety index is then 
defined as the shortest distance from the origin to the hyperplane. Thus, we have 
the minimisation problem: 
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	 min
	 	

	 	

 (3.9) 

where  = 0 is the linearised limit state function in a standard normal space 
U of n dimensions, with correspondingly transformed variables in a vector U, 
and  represent coordinates on the limit state hyperplane. The set of  that sat-
isfies Equation (3.9) is often referred to as the “design point” ∗. 

An important feature of first-order second-moment methods is the generation of 
sensitivity factors (“α-values”). They relate to  with 

∗ 	  (3.10) 

For uncorrelated random variables, the individual sensitivity factors  can be 
interpreted as relative measures of how sensitive the limit state function is to 
changes in the respective variable . Sensitivity factors are also useful in deter-
mining the correlation between different load cases or failure modes, see section 
3.5. 

Today, computer software is readily available, that may compute the safety index 
and the related probability of failure, applying the Hasofer-Lind approach togeth-
er with the complete set of available transformations when necessary. In the 
work with this thesis, I have used the commercial software Comrel 8.10 (RCP). 

3.5 System reliability 

3.5.1 The joint effect of several failure modes 

In a complete structural reliability analysis, the joint effect of several failure 
modes or load cases must often be considered. Sometimes it is beneficial to con-
sider each structural design problem separately, and then analyse their interaction 
with a system approach. This way, the overall safety can be assessed. Systems can 
be idealised into two types: series and parallel. An important aspect of system 
analyses is how the various structural components, load cases, and failure modes 
are combined in series and parallel subsystems. For complex systems, the overall 
safety can be very hard to assess properly, for example due to correlation effects 
or possible redistribution of the load when one component fails. It is therefore 
important to remember that the calculated results relate to an idealised system, 
which may differ significantly from the real world. In addition, system reliability 
analyses do generally not include the effect of human errors. 
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3.5.2 Probability of failure for series and parallel systems 

The essence of a system reliability analysis concerns the computation of the sys-
tem probability of failure. For a series system of n components (or load cases or 
failure modes), Equations (3.3) and (3.8) can be extended to (Hohenbichler & 
Rackwitz 1983) 

, 	 0 1 Φ ;  (3.11)

where ,  is the probability of failure of a series system,  is the vector of safety 

indices related to each individual component,  is a matrix giving the correlation 
between the components, and Φ  is the standardised normal distribution func-
tion in n dimensions. Similarly, the equation for a parallel system is 

, 	 0 Φ ;  (3.12)

The statistical correlation between the limit states is dependent on to which de-
gree the limit states include the same random variables. Consequently, the corre-
lation coefficient matrix of size n × n is given by 

	  (3.13)

for each combination of two limit states i and j. In Equation (3.13),  and  are 
vectors of sensitivity factors from the respective limit state analysis, as defined in 
Equation (3.10). 

As the multi-dimensional standardised normal distribution function Φ  requires a 
substantial amount of numerical calculation when many (>4) limit states are in-
volved, it is often convenient to approximate the probability of failure with 
bounds. Simple bounds (Cornell 1967) frame the result with the uncorrelated and 
fully correlated cases, while Ditlevsen bounds (Ditlevsen 1979) produces narrow-
er bounds. 

For an example of a system reliability analysis, the reader is referred to Paper III, 
in which the bivariate standardised normal distribution function is evaluated nu-
merically and presented together with simple bounds.  

3.5.3 Conditional probabilities of failure 

Many analysed limit states are conditional on a certain event. One example is ex-
treme load cases that only affect the structure rarely. Since probabilities of failure 
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usually are given in the unit “per year”, the return period T of the event causing 
the limit state must be included in the analysis to convert the limit states to com-
parable units. Then, ,  can be seen as a function of T. One approach is to use 
the definition of conditional probability: 

, │ Φ
1

 (3.14) 

where P(F│E) indicates the probability of failure of the structure given the oc-
currence of event E. The approach is used in Paper III. 

3.6 Probabilistic safety analyses in dam engineering 

The probabilistic approach to assess structural safety in dam and rock engineer-
ing has gained increasing attention during the last decade. In dam engineering, 
probabilistic analyses are usually associated with a quantitative risk analyses, for 
which modern guidelines have been published in several countries (ANCOLD 
2003, USBR 2011, SPANCOLD 2012). Some recent studies related to probabilis-
tic dam safety analyses are presented in the following. Jeppsson (2003) studied 
how reliability theory can be used to assess the safety and residual service life of 
damaged concrete structures, such as dams. Bernstone et al. (2009) proposed ap-
plications of pore pressure measurements in safety assessments and management 
of concrete dams. Some findings made by Jeppsson (2003) and Bernstone et al. 
(2009) on the use of pore pressure measurements are further developed and dis-
cussed in the Papers II and III. Westberg (2010) used a system approach to ana-
lyse the structural reliability of concrete dams in the context of risk management. 
A case study from this project is published as Westberg Wilde & Johansson 
(2013). A similar approach is taken by Peyras et al. (2012). Altarejos-García et al. 
(2012) made an extensive study of how the choice of both reliability modelling 
level (section 3.4) and behaviour model for the dam and foundation affects the 
calculated safety. Su et al. (2013) included progressive deterioration functions into 
a probabilistic system analysis of an existing concrete dam to assess its remaining 
service life. 

3.7 Probabilistic safety analyses in underground excavation 

For underground excavation in rock, recent studies on probabilistic safety anal-
yses include the following publications. Hoek (1998) introduced reliability into 
the Hoek-Brown procedure. Just over a decade later, Lü & Low (2011) used the 
response surface method to bridge the gap in rock engineering between non-
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linear numerical methods and probabilistic analyses. Su et al. (2011) also ad-
dressed the non-linear behaviour on rock, but by suggesting a methodology to 
evaluate implicit limit state functions. Nomikos & Sofianos (2011) proposed ana-
lytical solutions to the probability distributions of some safety factors used in 
underground excavation. Lü et al. (2013) showed how the response surface 
method in a practical way can be combined with a probabilistic system analysis of 
a circular rock tunnel. 
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4 SUMMARY OF APPENDED PAPERS 

4.1 Paper I: On the observational method for groundwater control 
in the Northern Link tunnel project, Stockholm, Sweden 

Johan Spross & Stefan Larsson 

Bulletin of Engineering Geology and the Environment (in press). DOI: 10.1007/s10064-
013-0501-8. 

The paper presents a case study on how the groundwater control in the Northern 
Link tunnel project in Stockholm was carried out to comply with the demand for 
low impact on the surroundings. The adopted procedure is discussed in relation 
to the potential application of the observational method, one principle at a time. 
Although the actual implementation mainly agreed with the definition of the ob-
servational method, some deviations were found. For example, the range of pos-
sible groundwater inflow was never assessed, and consequently it was not shown 
before construction is started that the groundwater inflow likely would be less 
than the acceptable limits. Still, the paper concludes that adopting the observa-
tional method for groundwater control would mostly imply a formalisation of 
today’s procedures. 

4.2 Paper II: Reducing uplift pressure uncertainty with 
measurements under concrete dams 

Johan Spross, Fredrik Johansson & Stefan Larsson 

In Proceedings of the ICOLD 2013 International Symposium, Seattle, 14 August 2013, 
2551-2560. Denver, CO: US Society on Dams. 

Traditionally, the uncertainty related to the magnitude of the uplift pressure un-
der concrete dams founded on rock has been managed by applying a very con-
servative empirical assumption. According to previous literature, a better estima-
tion could potentially increase the calculated safety margins and, consequently, 
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unnecessary stability-enhancing modifications can be avoided. Based on previous 
findings by Jeppsson (2003) and Bernstone et al. (2009), the paper suggests an 
improved methodology for how to predict the current uplift pressure and the 
related uncertainty under a concrete dam founded on rock. The methodology can 
take both previous pore pressure measurements and expert judgement into ac-
count. The proposed approach is exemplified with a fictive case and compared to 
other conceivable approaches. The paper serves as a main reference to Paper III, 
in which the approach is significantly developed. 

4.3 Paper III: On the use of pore pressure measurements in 
safety reassessments of concrete dams founded on rock 

Johan Spross, Fredrik Johansson & Stefan Larsson 

Georisk: Assessment and Management of Risk for Engineered Systems and Geohazards, 
2014, 8(2), 117-128. DOI: 10.1080/17499518.2013.864172. 

The paper develops the concept of Paper II by including the probability of an 
extreme uplift increase due to either malfunctioning drainage system (Figure 4.1), 

 

Figure 4.1. Functional drain in a drainage gallery under a gravity dam. (Photo: Johan Spross). 
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deteriorated grout curtain, or both, in a system analysis. This makes it evident 
that the probability of sliding failure of the dam is closely related to how often an 
extreme increase in uplift occurs. The effect is exemplified with a case study of a 
spillway monolith in a Swedish concrete dam. The paper concludes that to allow 
the use of measured pore pressure in a safety reassessment, it must be ensured 
that the probability of an extreme uplift increase remains sufficiently small. This 
could potentially be achieved with an extensive monitoring program, although it 
will be difficult to prove that the monitoring is extensive enough. However, a 
proper monitoring program will be beneficial to the dam safety anyhow, by re-
ducing the probability of the extreme event occurring. The implications of these 
findings on the applicability of the observational method for decision-making on 
stability-enhancing modifications are discussed in section 5.2. 

4.4 Paper IV: Towards an improved observational method 

Johan Spross, Fredrik Johansson, Håkan Stille & Stefan Larsson 

Accepted by the European Rock Mechanics Symposium (EUROCK) 2014, Vigo, Spain, 
27-29 May 2014. 

The paper addresses an issue reported by for example Powderham (2002): con-
cerns regarding low safety margins associated with the observational method. 
The concerns per se are not surprising, since the whole point of the observational 
method is to not having to apply the conservative safety factors of conventional 
design. Still, we believe that the observational method could be improved by add-
ing a requirement for an appropriate safety margin of the final structure, taking 
into account any extra support from contingency actions. Following the existing 
principles, the safety margin will at best be arbitrary, but it might also be com-
pletely unknown. The paper outlines a framework for how the safety margin can 
be estimated. It is exemplified with a safety analysis of a fictive square rock pillar. 
Lastly, the paper discusses the compatibility with the observational method. 
Good agreement was found; however, more development is needed to properly 
take any applied contingency actions into account in the safety assessment. 
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5 DISCUSSION ON THE APPLICABILITY OF THE 
OBSERVATIONAL METHOD 

5.1 Can the observational method be simple? 

Applying the observational method inevitably implies analysis and interpretation 
of measurements or other types of observations. In many cases, this requires 
some statistical tools. Depending on how much emphasis that is put on objectivi-
ty in the analysis (as opposed to the degree of applied engineering judgement), 
the set of statistical tools can be more or less complicated. In light of the princi-
ples in the Eurocode definition of the observational method and the need to in-
clude measurements in the design work, I believe that a probabilistic design ap-
proach with a Bayesian view on statistics is reasonable, as argued for in Chapter 3. 
However, this approach is by no means the easiest way to go. Peck, the originator 
of the observational method himself, has in papers with compelling titles such as 
“Where Has All the Judgment Gone?” and “The Observational Method Can Be 
Simple” (Peck 1980, 2001) argued for less focus on complex theory and “exotic 
remote-reading sensors”, in favour of qualitative judgement based on only the 
most elemental theory. That is the essence of the observational method, accord-
ing to Peck.  

Even though reliability analysis and Bayesian statistics can seem intimidating, it 
has the advantage of accepting both expert judgement and observations or meas-
urements in the analyses. As outlined in section 3.3.3, a prior assumption based 
on expert judgement can for example be updated with measurement data. This 
implies that some of the judgement missed by Peck in today’s engineering prac-
tice can be taken into account formally together with more objective measurements. 
In addition, the complex nature of today’s projects, which to a higher degree 
must consider the effect on nearby structures, environmental aspects, work con-
ditions, etc, points in favour of more elaborate design methods. In fact, through 
the Eurocode definition of the observational method and, in particular, through 
the second requirement in the second principle, steps have already been taken 
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towards a probabilistic framework. To show that unacceptable behaviour is suffi-
ciently unlikely is a hard to do by judgement. Nevertheless, I agree with Peck re-
garding that no matter how elaborate the method is, judgement is still needed to 
select appropriate parameters for calculations and to check the result. I believe 
however that this can be strengthened by providing robust and practical guide-
lines that emphasise this aspect of the observational method.  

5.2 On the limitation of measurement data 

5.2.1 Blind trust in the measurements 

Of particular interest is the interpretation of measurement data, when the engi-
neer’s judgement plays a crucial role. The result of Paper III highlights this effec-
tively; only engineering judgement can find that measurements made until present 
time not necessarily give the whole truth and serve as a suitable prediction for 
future behaviour of the parameter. This is illustrated in Figure 5.1. Opposing 
some previous truths, which I here let the state-of-the-art ICOLD report by 
Ruggeri (2004) represent by quoting: “monitoring data are the most valuable in-
formation to take into account the uplift pressures in safety reassessment of an 
existing dam”, I instead claim that an “objective” trust in measurement data can 
potentially give a false impression of the safety of the structure. Consequently, 

 

Figure 5.1. An example of when the future measurements significantly deviate from the predic-
tion.  
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analysing the right problem is here far more important than the level of detail in 
the analysis. The applicability of the observational method is therefore dependent 
on the nature of the problem. If the measurements are inadequate in predicting 
the future behaviour of the parameter, it must not be used as a control parameter. 
This fact stresses how important it is to actually (be able to) make a prediction of 
the future behaviour in advance, when measurements are planned. Otherwise, 
there is no expected value to compare against, which might make the data hard to 
interpret. The observant reader may note the evident parallels to Peck’s (1970) 
strong concerns regarding the use of observations without proper understanding 
of the analysed system (section 2.3.2). Unfortunately, the need for predictability 
of the control parameter has some implications on the working hypothesis (pre-
sented in section 2.6) suggesting that the observational method can be a suitable 
decision tool, when stability-enhancing modifications are considered. If a predic-
tion of future uplift based on continuous pore pressure measurements can be 
questioned, its value is limited. Consequently, the observational method is unsuit-
able for this type of problem. 

So far, the discussion has here concerned the time varying nature (or lack there-
of) of the control parameter. Note, however, that the issue in principle is the 
same as in the preference of a ductile failure to a brittle; the latter is hard to pre-
dict, like the future behaviour of uplift pressure under a dam (Paper III). Some 
design problems should therefore rather be solved with other design methods 
than the observational method, even if “prediction of geotechnical behaviour is 
difficult” as the Eurocode puts it. 

5.2.2 Bad precision and unreliable equipment 

Another issue is the precision of the measurements. The fictive rock pillar of Pa-
per IV is a suitable example. To assess the safety of the pillar, its increasing de-
formation during the sequential excavation is observed. Due to the “good quality” 
hard rock, the developed deformations are fairly small. This implies that the pre-
cision of the instruments becomes an important aspect. A too large measurement 
error  could potentially make the result worthless, leaving the engineer to 
either put contingency actions into operation to increase the safety margin or 
simply take the risk. The former is uneconomical, while the latter is dangerous; 
neither provides a safe and effective construction. Eurocode 7 stipulates however 
that the monitoring equipment must be changed or improved, if the measure-
ment result is unreliable. Therefore, the described situation should not occur, if 
the principles are followed properly.  
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Paper I gives a real case, in which the measurement data proved to be partially 
unreliable. The nature of the defined limit states (in terms of maximum ground-
water inflow allowed to the whole tunnel system) implied however that even 
though there were inconsistencies within the system, the overall acceptable limits 
of behaviour were not exceeded. Hence, the unreliable monitoring system was 
not changed. The setup used in this case can be interpreted as a preliminary sys-
tem complemented by a secondary. Since the cruder secondary system only 
measured the total inflow to the tunnel system, it would have been hard to find 
the right place for the contingency action, if the limit were exceeded. The risk 
was however found acceptable. That might not always be the case, which shows 
the importance of a carefully designed monitoring system. 

5.3 On the safety of an observed structure 

Paper IV suggests that the Eurocode definition of the observational method 
should be improved by including a requirement for an appropriate safety margin 
of the completed structure. As highlighted in the paper, there is currently no re-
quirement for this in the existing definition. One could argue that this should be 
understood from the requirement to establish acceptable limits of behaviour. In 
the current definition, however, the acceptable limits of behaviour are related to 
the use of contingency actions: “contingency actions shall be put into operation if 
the limits of behaviour are exceeded”. Consequently, exceeding the acceptable 
limits of behaviour does not imply failure, but should rather be seen only as a 
warning signal that failure might soon occur. It must therefore be ensured that 
the acceptable limits of behaviour are established to give enough time for the 
contingency actions to work out. The magnitude of the remaining safety margin 
that is left, once the contingency actions have been executed, remains unknown, 
however. Proper guidelines – or at least exemplifying case studies – are needed to 
show how these conceptions relate to each other and interact in different design 
situations. 

5.4 Are deviations from the principles ever acceptable? 

Eurocode 7 (CEN 2004) states explicitly that all clauses preceded by P are “Prin-
ciples”, for which requirements there are no alternative. To comply with the ex-
isting code, the engineer must consequently follow the clauses of the observa-
tional method strictly. Clearly, Peck’s (1969) freer definition (“the degree to 
which all these steps can be followed depends on the nature and complexity of 
the work”), has been tightened up, which implies less acceptance of engineering 
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judgement. The inflexible definition of the Eurocode therefore reduces the num-
ber of possible cases where the observational method could have been applied. 
The second requirement in particular, regarding showing that the geotechnical 
behaviour with a sufficient probability will be within the acceptable limits, is hard 
to fulfil. In the case study of Paper I, the required analysis would have proved so 
complicated that existing tools were not enough. If the observational method had 
been intended to use formally, this inflexibility would have implied a real chal-
lenge. Since the tunnel studied in Paper I was built successfully with a less strictly 
defined “observational approach”, one could argue that such approaches are 
good enough for many applications, especially those where the unacceptable be-
haviour is of less serious consequence. However, it should be noted that it is 
more difficult to find the more favourable design and limit state verification 
methods, if the probability of having to put contingency actions into operation is 
virtually unknown. To make best use of the observational method, I therefore 
believe in the stricter definition, though I admit that exceptions sometimes could 
be acceptable. One reason could be that contingency actions are relatively inex-
pensive, making the risk small. 
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6 CONCLUSIONS AND SUGGESTIONS FOR FUTURE 
WORK 

6.1 The past 20 years in retrospect 

Looking back upon the Géotechnique symposium on the observational method 
that was held at the 25th anniversary of Peck’s 1969 paper, it is obvious that most 
of the concerns that were discussed 20 years ago still remain. In The Way Forward, 
Powderham & Nicholson (1996) set up the following objectives for future work 
based on the symposium discussion. In the next section, the findings of the thesis 
are put in relation to these objectives. It can be seen that my work addresses sev-
eral of them. 

a) “Establish a clear definition of method including objectives, procedures 
and terms, with a clear emphasis on safety. 

b) Increase awareness of the method’s potential and benefits, particularly to 
clients, contractors and regulatory bodies. 

c) Remove contractual constraints.  
d) Identify potential for wider use. 
e) Initiate focused research projects. 
f) Improve performance and interpretation of instrumentation systems. 
g) Establish extensive database of case histories.” 

6.2 Concluding remarks on the critical review 

My review of the observational method has mainly highlighted important aspects 
regarding its applicability, which is related to topic (a) in the list above. A crucial 
issue is how to interpret and fulfil the second requirement in the Eurocode defi-
nition. The approach suggested and argued for in this thesis implies putting the 
observational method into a probabilistic framework that includes reliability anal-
ysis with a Bayesian view on statistics. Although this approach has some ad-
vantages, it seems at the moment that it by no means is applicable to all situations. 
To some extent, today’s tools cannot provide sufficient knowledge to make a full 
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probabilistic analysis meaningful, as shown in Paper I. This raises the question 
whether the second requirement in the Eurocode definition must be fulfilled in 
all cases; it certainly makes the observational method hard to apply formally in 
some situations. Disregarding the requirement will however make it much harder 
to optimise the design. Therefore, I believe that developing the probabilistic tools 
to fit with the observational method is the way forward. To ensure applicability in 
practice, the improved observational method will need a supporting set of guide-
lines that explain and exemplify how to use the method in different design situa-
tions. 

Another concern regarding (a) is raised in Paper IV. Evidently, the present defini-
tion of the observational method does not require any safety margin for the 
completed structure. I believe that this issue requires further attention, since the 
situation clearly is unsatisfactory at the moment. 

A large portion of this thesis discusses (f): the interpretation of measurement data 
and, in particular, how the nature of the observed parameters affects the applica-
bility of the observational method. From Paper III, the predictability of the con-
trol parameter is identified as a crucial aspect. If continuous measurements are 
unable to predict the future behaviour, due to possible changes in the surround-
ing conditions, the measurement data can provide a false security, which poten-
tially could have serious consequences. The judgement of an experienced engi-
neer is therefore of vital importance when the observational method is applied. 

The thesis has also addressed (g) by providing case studies in the appended pa-
pers, and (b) and (e) by being a part of a research project that is financed by the 
industry and focused on the observational method. 

6.3 Suggestions for future work 

Although this thesis has provided some insight on the applicability of the obser-
vational method, many problems still remain unsolved and deserve more atten-
tion. Based on my work, I suggest the following topics for future research: 

 Continue the work that was started in Paper IV regarding finding a meth-
odology for how to assess the safety of a structure built with the observa-
tional method. 

 Develop a methodology for how to apply the framework of the observa-
tional method on long-term monitoring of existing structures, such as for 
example dams. Potentially, this could be a useful tool when making deci-
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sions on stability-enhancing modifications to improve safety. Notably, this 
suggestion is in line with objective (d) in the list above. 

 Establish a general framework in which the definition of the observational 
method is strengthened by linking it to probabilistic design. A crucial issue 
will be how the uniqueness of each construction project opposes such 
general formulations.  
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