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Preface

The 3™ International Symposium on Geotechnical Risk and Safety (ISGSR), which is held on June 2 and
3, 2011, at the Oskar-von-Miller-Forum and the Technische Universitdt Miinchen in Munich, Germany, is
part of a series of conferences organised by a group of engineers and academics interested in geotechnical
reliability, safety and risk. Previous conferences include LSD2000 (November 2000, Melbourne,
Australia), IWS Kamakura (April, 2002, Tokyo and Kamakura, Japan), LSD2003 (June, 2003,
Cambridge, USA), Georisk 2004 (November, 2004, Bangalore, India), Taipei2006 (November, 2006,
Taipei) and the 1% and 2™ International Symposia on Geotechnical Risk and Safety (1* ISGSR, October
2007, Shanghai and 2™ ISGSR, June 2009, in Gifu, Japan). In addition, this group has organized technical
sessions in many international and regional conferences from time to time.

The major themes of the symposium are:
- Risk assessment and management through codes and standards;
- Risk and reliability analysis of geotechnical structures;
- Risk assessment and management of natural geotechnical hazards;
- Practical applications and case studies.

The symposium in Munich is organised by
- geotechnical safety network GEOSNet;
- Zentrum Geotechnik, Technische Universitdt Miinchen;
- German Federal Waterways Engineering and Research Institute (BAW).

GEOSNet is a topic-specific international platform to facilitate and promote active interaction on topics
related to geotechnical safety and risk among its members, particularly between researchers and
practitioners. GEOSNet was formed at the conference in Taipei 2006 in view of the increasing interest
and momentum to rationalize the treatment of risks in new design codes using reliability and other
methods. As part of this activity, GEOSNet became the organizing body of the series of ISGSR
conferences, of which the Munich symposium is the 3™.

The symposium is supported by the
- Subcommittee Geotechnical design of CEN TC 250 Structural Eurocodes;
- European Technical Committee ETC 10 Evaluation of Eurocode 7;
- Joint Committee on Structural Safety, JCSS;
- TC 205 Safety and Serviceability in Geotechnical Design;
- TC 304 Engineering Practice of Risk Assessment and Management;
- German Federal Ministry of Transport, Building and Urban Development and
- Bayerischer Bauindustrieverband.

The symposium takes places under the auspices of the
- International Society for Soil Mechanic and Geotechnical Engineering (ISSMGE);
- German Geotechnical Society (DGGT).

The organizers greatly appreciate the support of the Federal Waterways Engineering and Research
Institute (BAW), which financed these proceedings, as well as the support of Technische Universitit
Miinchen and Bauindustrie Bayern, which provided the conference venues.

As part of the ISGSR conferences, GEOSNet hosts the Wilson Tang Lecture in recognition of the seminal
contributions of Professor Wilson Tang, who is one of the founding researchers in geotechnical reliability
and risk. The lecture is intended to honour distinguished peers and their achievements in advancing the
methods of geotechnical reliability and risk analysis. The Wilson Tang Lecture of this symposium is
delivered by Professor Yusuke Honjo of Gifu University, who is one of the eminent researchers in this
domain.

IX



Finally, the organizers are grateful to all those who have helped and contributed to the organization of this
event. The largest part of the credit for these proceedings goes to the authors and reviewers.

Norbert Vogt
Bernd Schuppener
Daniel Straub
Gerhard Bréu

June 2011, Munich, Germany
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Risk in geotechnical engineering and profession prestige

I. Vanicek
Czech Technical University in Prague, Czech Republic

ABSTRACT: A great deal of attention has been devoted to the risk connected with construction design
during the last period. The design principle connected with potential risks was also included in Eurocode
7 — Geotechnical Design. At the same time, we very often speak about the prestige of geotechnical engi-
neering both on the level of engineering professions and in society in general. In most cases, this evalua-
tion is not so good, the prestige of our profession, in agreement with the opinion of most of us, does not
correspond to the significance, importance, generally, to the risk with which geotechnical structures are
designed, or to the significance which geotechnical engineering entails.

The paper describes some aspects influencing the degree of this risk. It is, first of all, the risk associ-
ated with the range and complexity of geotechnical investigation. To what degree this investigation can
give precise figures about the geological environment. How great is the potential risk associated with the
numerical model which simplifies this geological environment and up to what degree this numerical
model, based on different assumptions between changes of stresses and changes of deformations, is really
authentic. And, finally, how great is the risk which a new geotechnical structure brings to its environ-
ment, first of all in terms of the interaction of this new structure with a nearby older historical structure.

The relationship between the main partners of the building process is also the subject of discussion,
whether they all have or do not have the same interest in lowering this risk. Broadly speaking, geotechni-
cal engineers generally deal with a high risk, they take over a high responsibility for this risk and some-
times under increased public pressure (maybe even as a result of a competition) they get to the edge of
this risk which in the case of a failure can have a negative impact on the position of our profession, espe-
cially on a long-term basis. However, geotechnical engineering has a significant influence on the living
standard of population as it reacts to its demands per saltum. At the end, the status of two different pro-
fessions is compared; the status of geotechnical engineering and medicine, as both work with high risks,
and our profession comes out of this comparison as strongly undervalued. Therefore, geotechnical engi-
neers should speak and discuss about this reality on different levels to help to improve the professional
prestige. Some recommendations in this direction are summarized in the end.

Keywords: Risk management, site investigation, geological and geotechnical models, profession prestige,
foundation —subsoil interaction

1 GEOLOGICAL ENVIRONMENT INVESTIGATION, GEOLOGICAL AND GEOTECHNICAL
MODELS

Practically each construction is in a direct interaction with the geological environment, therefore, the cor-
rect evaluation of this mutual interaction is the basic presumption of a safe and economic design of such a
construction. This interaction is connected with the problem of the structure foundation or with loading
of this structure from the geological environment respectively, which are typical challenges of geotechni-
cal engineering.

In addition, specific geotechnical structures also solve the design of these structures. It may be an earth
structure, where soil is the fundamental structural material or the structure is constructed in an earth envi-



ronment and the design fully employs the achievements of soil mechanics or it is an underground struc-
ture constructed in a rock environment where the achievements of rock mechanics are fully employed.

Optimal interaction design or the design of a geotechnical structure is strongly influenced by a correct
evaluation of the geological environment. In principle, two basic steps play an important role there:

Creation of the geological model, which, on the one hand, represents a geometrical model of this
environment specifying the thickness and bedding of individual geological layers, their regularity,
dislocation by different discontinuities, etc., and, on the other hand, gives them geological specifi-
cation, however, not only for the area which is directly affected by new construction, but for a
much larger area. As ground water is a natural part of the geological environment, the geological
model must be supplemented by detailed information about ground water fully employing the
achievements of hydrogeology.

Creation of the geotechnical model which specifies the mechanical and physical properties for
individual parts of the geological model, including discontinuities. In doing so these properties are
obtained either from field investigation methods or from laboratory tests performed on samples
obtained during site (ground) investigation.

In the phase of bonding these two models, engineering geology plays a very important role as it is able to
evaluate the reaction of the investigated geological environment to different changes as changes in load-
ing, to technology used in the phase of construction etc. The role of engineering geology is very impor-
tant in this phase and has its unsubstitutable role.

Although the credibility of the geotechnical model is of cardinal importance for further steps, its correct-
ness depends on many factors like:

Seriousness of the geological environment, its anisotropy, non homogeneity, irregularity of dis-
continuities; generally speaking, the more problematic this geological environment, the greater the
risk connected with the design and performance is;

Actual state of exploration of this geological environment during earlier steps of site investigation
and construction implementation;

Extend of ground investigation and its credibility. This question is very sensitive; the possibil-
ity to investigate the entire rock massif influenced by new constructions is not realistic. In most
cases, closer information can be obtained roughly from one millionth of this massif and from this
fact it is evident that the risk connected with the interpretation of the obtained results on the whole
affected rock massif is really very high.

Note 1. For planar structures, as foundation slab, there is a certain chance that for small differ-
ences the final results can be averaged, however, this possibility is much lower when one dimen-
sion prevails, as it is for tunnels, dykes, motorway and railway earth structures etc. In many cases,
one bore hole is implemented there in a distance of 100 meters or even more. However, for tun-
nels, dykes there is another negative factor; they are built in areas where previous investigation
was limited and where the variability of subsoil, mostly for dykes along rivers, is very high. Here,
it is noteworthy that the interconnection of investigative methods in such a way that they will be
able to give data not only for the geological, but also for the geotechnical model is extremely im-
portant.

Note 2. A specificity of earth structures is that the design of these structures utilizes mechanical

and physical properties of soils; however, the prescript for implementation generally uses indirect
values (mostly moisture content and dry density determined from compaction tests as Proctor
test). These indirect values are also used for the structure quality control and, again, only roughly
one millionth of compacted soil is controlled.
Skill of the person responsible for the site investigation interpretation, this skill is connected with
a certain feeling for a geological environment, experience, which Terzaghi (1959) denotes as “’ca-
pacity for judgment™ and he specifies that "this capacity can be gained only by years of contact
with field conditions®.



2 ABILITY OF THE NUMERICAL MODEL TO DESCRIBE THE GEOTECHNICAL STRUCTURE
BEHAVIOUR OR INTERACTION OF SUBSOIL WITH THE NEW STRUCTURE

The combination of seriousness of the geological environment and complexity of the structure signifi-
cantly influences the manner in which the design and implementation of this structure will be verified. It
is not only the difference between different geotechnical structures, but, first of all, the above mentioned
combination. The difference between the design of a low earth dam on homogeneous subsoil with low
permeability under which there is no built-up area and a large rock-fill dam with a clay core in a steep
valley and with non homogeneous subsoil under which there is a highly populated area can be mentioned
as an example. A similar difference is between the approach to the foundation design of a single-floor
small house and the foundation design for a high rise building where the groundwater level is high and
there are existing buildings in the vicinity.

Therefore, it is obvious that the calculation model can and must be different. For a simple geological
and geotechnical model and for modest structures the experience gained up to now from previous applica-
tions can be used. The present-day approach, which is also recommended by Eurocode 7 Geotechnical
Design, strongly distinguishes these combinations and the risk associated with them and defines 3 Geo-
technical Categories. The design of very complicated structures and a complicated geological model ac-
cording to EC 7 falls under the 3™ Geotechnical Category which is connected with the highest risk and in
this case it is necessary to utilize all findings, firstly from soil and rock mechanics, and to utilize the nu-
merical model which is able to represent the geotechnical model as precisely as possible.

The finite element method which can relatively easily come out from the previous models offers a
great opportunity in this direction. However, FEM can be applied in many versions, which differ both in
the precision of the subdivision of the solved environment into individual elements, and in the definition
of the function expressing the changes of properties between individual elements, or which differ between
different used relations, between changes of stresses and changes of deformations for stress strain prob-
lems or for changes of filtration properties for hydraulic problems.

However, it is necessary to mention that only constitutive models expressing the dependence of de-
formation changes on stress changes can have many different variants from classical linear elastic models
up to very complicated models expressing nonlinearity of this dependence. This great variability in this
direction is a significant distinction from other structural materials, such as steel, concrete and timber.
This difference is intensified by the presence of ground water, as the properties of soil and rock are influ-
enced by water pressure in pores and this water pressure is strongly dependent on the time effect. There-
fore, time plays a very important role for the design of geotechnical structures.

In spite of this, the possibilities of numerical models to describe the behaviour of geological environ-
ments improve with time; nevertheless, there is always some simplification. But this problem is not only
connected with the numerical model, it is also our ability to measure the above mentioned relation be-
tween stress changes and strain changes with the help of field or laboratory methods. Therefore, more so-
phisticated devices are needed for the performance of such tests, more time for their implementation,
which also means higher financial inputs. The last question is whether the laboratory tested sample ex-
actly describes the properties which the in-situ obtained sample had.

3 INTERACTION

In principle, two different interactions can be distinguished:
- interaction of new foundations with subsoil or interaction of a new earth structure or underground
structure with the surrounding geological environment;
- interaction of a new structure with an older existing neighbouring one.

The first type of interaction is strongly connected with site investigation as this investigation should
give as much information as possible about all geological environments which are affected by this inter-
action. Therefore, it is not possible to propose and perform this investigation without a closer specifica-
tion of the proposed construction. For a wider spread foundation the area affected by the stress increase in
the footing bottom is larger (and deeper) than for a narrower spread foundation. On the other hand, a
wider foundation is much easily able to equilibrate small differences in subsoil properties. Therefore, for
a pile foundation, mainly for individual piles, small differences in subsoil can play a significant role in
terms of settlement. This factor can have an impact on a safe design and performance of pile foundations
below bridge piers or for the foundation of individual pylons as are e.g. pylons for wind power plants.

5



However, technological aspects also play a significant role, especially for underground structures, such as
the manner of rock breaking (excavation). The selected technology can differently react to unexpected re-
sponses of the rock massif during the process of mining (excavation) and can have a different impact on
the change of properties in the vicinity of the excavation perimeter. For example, the question connected
with property changes in a good quality near field zone, especially in terms of permeability, is very sensi-
tive for proposed underground nuclear waste repositories. For a rock massif which is not so strong this in-
teraction directly influences the design and construction of lining of tunnels, galleries etc.

The second interaction — with existing objects — has different levels, from a purely technical up to leg-
islative, juridical level. Engineers, firstly geotechnical engineers, know very well that each change in
stresses originates changes in deformations. Therefore, when changes of stresses induced under new
structures also influence the area under existing older structures, these stress changes induce changes in
deformation as well. The problem is especially sensitive when the owner of the older structure agrees
with the new structure only under the condition that “the new structure will not have any impact on the
older one”. It is an obvious contradiction, however, it is very often accepted as this condition can be ex-
plained as a new one — the change does not cause “visible” deformations e.g. in the form of micro cracks
on the facade of the older structure. Very often all partners agree with this new, but unarticulated condi-
tion, and the design and structure construction is adapted to it. Therefore, this form of interaction is very
sensitive for older historical structures which are more sensitive to small changes than new modern struc-
tures. Therefore, the passportization of an existing older structure before starting a new one is extremely
important to be able to distinguish between older existing cracks and new cracks developed in the phase
of the new structure construction.

To prevent “visible” changes development modern methods of foundation engineering utilize differ-
ent approaches how to limit horizontal deformations of vertical walls of excavation pits e.g. with the
help of anchors which end under neighbouring structures. With respects to the ownership right the
agreement with these anchors is very often connected with a supplemented condition about the deactiva-
tion of these anchors when horizontal deformations are limited by inside structural elements like new
floors. What the problems of this deactivation can cause was manifested in the case of the towers of the
World Trade Centre in New York after their collapse, (Cermak 2003). The excavation of ruins was sig-
nificantly decelerated as long as the stability of external walls was restored.

4 ACCEPTABLE RISK

The question connected with the risk of faults and accidents of a constructed geotechnical structure is
generally very sensitive. The general effort of generations of our predecessors was always and still is to
understand to the geological environment as much as possible so that the final numerical calculation
model will represent its behaviour most authentically. Subsequent design after that was a little bit on the
conservative side. This design used the global factor of safety (stability) to cover most of the risks with
which the description of the geological environment, the methods of investigation and calculations were
connected. The optimal global factor of safety was selected in such a way that, on the one hand, it was
able to cover most of the uncertainties and, on the other one, most design was not so conservative, struc-
tures not so much overdesigned, which is naturally connected with higher financial inputs.

The present-day limit state approach applies different partial factors of safety as our ability to describe
partial parameters used in the calculation model is different. EC 7 Geotechnical Design gives individual
countries a possibility of independently selecting the values of these partial factors according to their pre-
vious experience.

In disregard of the above it is very useful to search the frequency of faults and accidents for individual
types of structures. The limit state approach was accepted in the Czech Republic roughly 40 years ago
and at that time the discussion was also connected with the accepted frequency of accidents. The fre-
quency of roughly 0.01 % was accepted (1 failure from 10 000 cases) for the design of spread foundations
and partial factors recommended for this frequency. However, for the last roughly 20 years (as the last
code for the spread foundation design was changed in 1987) the author has only been informed about 2
examples where the problem of a structure was connected with the foundation unacceptable behaviour.
From this fact we can deduce that partial factors are still on the conservative side.

For larger civil engineering structures the situation is rather different. For large dams the frequency of
faults and accidents is much higher than for spread foundations. The study of ICOLD (International
Commission on Large Dams) roughly in the seventies devoted great attention to this problem and summa-
rized information about dams constructed after 1900. The frequency of accidents is a little bit over 1%
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and the frequency of faults is 3-4 times higher —see also Vanicek, 1. and Vanicek, M. (2008). This fre-
quency decreases with time as our knowledge is improving; however, it is still significantly high.

Roughly the same can be stated for tunnels constructed in soils, where even now the frequency is sig-
nificantly higher. Three faults which have occurred during the construction of the city road Blanka Tun-
nel in Prague had a very negative impact on the credibility of civil engineering profession in general.

The group of specialists in pile foundations working on the modification of the National Annex to EC
7-1 also started to discuss this fact. The fact that the design of bored piles in the Czech Republic is the
most optimistic in Europe is generally known. It means that the specialists in this field are working with a
much higher risk than in other countries in Europe. The question is whether to continue this tendency or
to recommend such steps to be included in the National Annex which can slightly reduce this potential
risk and in such a way prevent possible problems with negative impacts on our profession as mentioned
above in relation to tunnels.

Generally, this situation has raised some questions:

- Who should define the risk — only engineers or also governments (politicians) or potentially affected
population respectively. With respect to EC 7 there prevails the opinion that only engineers should.
However, there is a discrepancy as engineers know that even when respecting all recommended princi-
ples and standards (as e.g. EC 7-1) in limited cases (for an acceptable frequency of failures) a failure
can occur. The problem is that politicians and the public are of a different opinion, practically always
demanding 100 % safety. This fact is obvious for example for anti flood protection systems (dykes). Up
to the 100-year flood (for which these dykes are commonly designed) they require 100 % safety, for
higher floods they are able to accept a failure as an objective impact. Hence, for structures which are
connected with protection against natural hazards politicians (government, local municipality) and even
potentially affected population also play an important role. In the Czech Republic after heavy floods in
2002 some local municipalities approved the construction of supplemented measures for higher floods,
200, 500 even 1000-year floods, whereas paradoxically for the protection of towns mobile barriers,
whose life time expectancy is only a few decades, are also used.

- How to utilize the politician’s interest to our profit. Mainly during natural hazards the probability of a
failure is higher and in many cases these natural hazards are connected with lost of human lives and
with great material damages. And this is the case where the validity of the limit state approach should
be verified. The government (politicians) should not have only an interest to quickly reconstruct the af-
fected area but also with the help of specialists to collect as much as possible information about factors
leading to these failures. The subsequent back calculation of these failures can be very important for the
verification whether our design methods are correct and safe. With the help of this back analysis of real
limit states our design approaches can be improved in the future. However, the government should be
prepared for such situations in advance to guarantee that specialists will be on the spot immediately af-
ter the structure failure and their competences had been defined in advance.

- What the interrelationship between the main partners of the construction process should be like —
namely between the investor, the designer and the contractor. The highest potential risk is connected
first of all with the exaggerated importance of the total price. The designer under such an influence can
propose a design connected with a higher risk and as the price for the project design often also covers
the price for the site investigation, this site investigation is limited as much as possible, but with a lower
predicative value. The contractor under the same pressure of the price can select construction technolo-
gies connected with a higher risk. The designer together with the contractor (which in principle repre-
sent the civil engineering profession) in that way take over the responsibility for this higher risk; from
which the investor can get out very easily with the help of signed contract agreements in the framework
of the first steps of the bidding process.

- What positive role the contractor can play — the role of the contractor is very sensitive as potential prob-
lems connected with repairs, corrections, sanctions for construction delays etc. are first and foremost on
their side. Before signing any contract a competent contractor should carry out the evaluation of the risk
management process, during which all risks connected with existing uncertainties should be evaluated.
The result of this risk management process should be appropriate bidding price or the pressure on the
investor to share risk or to improve the geotechnical model with supplemented investigation. The cov-
erage mostly via the insurance company is more likely the manifestation of their own disbelief. In the
case of a failure the contractor is financially covered, but their professional credibility is strongly af-
fected.



5 PRESTIGE OF GEOTECHNICAL ENGINEERING PROFESSION

The high position of the geotechnical engineering profession is obvious from the previous chapters as it is
the profession dealing with a much higher risk than other structural engineers such as designers of steel,
concrete, timber structures. Simultaneously, geotechnical engineers fall under the groups of professions
which to the highest extent react to society demands. Providing that the care of good quality drinking wa-
ter and safe disposal of waste water had an extremely positive impact on the prolongation of the life ex-
pectancy of the population in European cities in the second half of the nineteenth century this process is
still alive and brings the extension of life expectancy also in the other parts of the world.

At the same time, geotechnical engineering actively reacts not only to classical demands of the con-
struction sector but also to the demands of society with respect to energy, raw materials demands, to natu-
ral hazards, protection of the environment in general. From these spheres, mainly the issues connected
with the protection of ground water against contamination or the solution of the old ecological burdens
present problems which are, on the one hand, very attractive but, on the other one, connected with high
potential risks. The problems of contamination spreading and the application of remediation technologies
are strongly time depending problems, not so easily controlled and some mistakes can come to light with
a significant delay, when their subsequent solution can be very problematic and expensive.

A partial conclusion to this part is simple, geotechnical engineers work with a geological environment
which is rather complicated, never investigated in detail. Therefore, the prognosis of the behaviour of
such an environment and how this environment will react to changes, primarily caused by loading
changes, can be successful only with the help of up to day existing results, with the help of personal ex-
perience and intuition.

The fact that society demands only solutions which are able to guarantee 100 % safety is in fact the
basic problem. Therefore, the explanation that this way is not the way in the right direction is the main
task of the geotechnical engineering profession as this way can lead to uneconomical design and applica-
tions, with negative impacts on the whole society.

It is difficult to find some comparison with other branches of human activity, however, with a certain
exaggeration, the profession of geotechnical engineering can be compared with medicine. The doctor of
medicine also “works” with an extremely complicated environment — with the human body. Nevertheless,
already from its basic merits it is a strongly respected branch, as all of us depend on its achievements. The
following reality is coming to light when these two professions are compared:

- In medicine nobody speaks about 100 % safety; on the contrary, the probability of success is often men-
tioned for a certain medical procedure, indirectly the percentage of failures. For geotechnical engineer-
ing 100 % safety is expected as mentioned before.

- The range of site investigation for the geological environment is more likely limited than supported; the
methods of site investigation are improved by geotechnical engineers themselves. On the contrary, in
medicine investigative methods are strongly supported by different financial resources either from all
society tools or from the tools of different foundations and individuals (philanthropists). The investiga-
tive methods are improved by a wide spectrum of different professionals.

- The monitoring of the observed objects is much more supported in medicine than in geotechnical engi-
neering even if the monitoring can significantly improve our activity in the future.

Not to end this comparison so pessimistically for geotechnical engineering it is suitable to mention the
design method also recommended in EC 7-1 Geotechnical Design — it is the observational method. This
design method is close to the methods which are applied in medicine and in principle it accepts the fact
that our ability to model the geological environment is limited. The design can be modified during the
construction phase when the result of the monitored response differs from the most probabilistic value,
however, only in the range which was expected in the first phase of design.

6 CONCLUSION

The profession of geotechnical engineering is connected with an extremely high risk which is not fully
accepted in society. This high risk is first of all connected with our ability to realistically model the be-
haviour of a geological environment due to the changes caused by new construction activity. The natural
task of geotechnical engineers is to decrease this risk with the help of new design and construction meth-
ods utilizing all new findings in this profession, especially the technology of construction process should
be able to immediately react on the monitored geological environment responses.
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Nevertheless even when all phases — starting from the site investigation up to the post-construction period
of monitoring — are performed under up to date standards, still some probability of failure is remaining
there, what is in fact with the basic principle of the construction approach.

Therefore, it is also necessary to spread the responsibility for this risk among other partners of construc-

tion activity, mostly among investors and politicians. Risk acceptance and sharing will have a positive

impact on the prestige of the geotechnical engineering profession. Some recommendations in this field
were mentioned in the paper; nevertheless, a short summary is as follows:

- Together with other professions, also working closely with a geological environment, to give publicity
to the idea of shared risks, that there is a necessity to accept a certain percentage of failures during the
design and performance of structures. Cooperation is needed among colleagues who are members of the
learned and professional societies like ISSMGE, IAEG, ISRM, ITA, EFFC, IGS as well societies
where the problem of earth structures for transport and water engineering is covered as well;

- To use any possibility to stress the significance of site (ground) investigation — to define minimum de-
mands for site investigation for different geotechnical structures — probably there is still such a possi-
bility to implement it in EC 7-1 (into paragraph 2.1.(8);

- To be very cautious with respect to the risk of uncertainties when classifying the geotechnical structures
into three basic geotechnical categories;

- To give priority to the observational method of design;

- During the definition of partial factors of safety (respectively when selecting characteristic values of
mechanical physical properties of the ground) to be more likely on the safe side and after some experi-
ence (e.g. in cycles of 5 to 10 years) carefully evaluate recommended values and subsequently to refine
them. However, it is possible only as a result of well documented failures, what is their probability.
Back analysis of well documented examples can help very much. Therefore the idea of creation of ex-
perts” commissions prepared in advance to visit the structures which had failed as soon as possible,
should be supported very strongly;

- For the case of the interaction between older and new structures via deformation of the ground to sup-
port the fact that this deformation is always higher than zero but should be kept in acceptable limits;

- More care should be devoted to the risk management process, especially for contractors firms;

- To support the idea that the elimination of potential risks mainly via insurance is not the right way.
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Challenges in Geotechnical Reliability Based Design

Y. Honjo
Department of Civil Engineering, Gifu University, Gifu, Japan

ABSTRACT: The author has been proposing a reliability based design (RBD) scheme for practicing geo-
technical engineers. The essence of the proposed scheme is the separation of the geotechnical design part
from the uncertainty analysis part in geotechnical RBD. In this way, practical engineers are able to per-
form RBD in a more comfortable way compared to the traditional RBD procedure. Results of RBD on
some structures are presented in this paper to highlight the characteristics of the geotechnical RBD. Based
on the results, some discussions are made to identify the major issues geotechnical RBD is facing. It is
concluded that spatial variability of soil properties is only one of the sources of uncertainty. In many de-
sign problems, statistical estimation error, design calculation model error and transformation error associ-
ated with estimating soil parameters (e.g. friction angle) from the measured quantities (e.g. SPT N-values)
have higher uncertainty. It is important to recognize these aspects in developing the geotechnical RBD to
the next and the higher stage.

Keywords: Reliability base design, Statistical analysis, Random field, Geotechnical design

1 INTRODUCTION

Needs for carrying out reliability analysis (RA) for complex geotechnical design problems are increasing
due to the introduction of the limit state design worldwide. On the other hand, in the current practical de-
sign of geotechnical structures, many sophisticated calculation methods, e.g. commercially available user
friendly FEM programs efc., are employed. These methods become more and more user friendly, and can
be used with very small efforts for preparing input data and summarizing calculation results.

It takes quite amount of effort for people to combine these programs with RBD. To connect these de-
sign tools to RBD tools is not an easy task. Furthermore, to understand and become proficient with these
RBD tools need quite amount of time and efforts.

Considering these situations, the author has been proposing a new RBD scheme for geotechnical de-
sign. The essence of the issue that makes geotechnical engineers difficult to practice RBD, as I see, is the
mixing of geotechnical design tools with RBD tools in the existing RBD procedure. Furthermore, if we
mix them together, one tends to lose intuitive understanding to the design problem at hand, which is very
important in geotechnical design to make engineering judgements in the course of design.

The RBD scheme we are proposing here attempts to take into account of characteristics of geotechni-
cal design as much as possible. The scheme is for geotechnical engineers who are proficient in various
aspects of geotechnical design but not very familiar with RBD tools.

In this presentation, only the overall outline of the scheme is described. The concept of the methodol-
ogy is more focused, but details are not very well explained. For the details of the methodology, readers
are requested to see papers listed in the reference list. I

It is also a purpose of this paper to identify the major sources of uncertainty that are important in geo-
technical RBD through four examples. It may be generally recognized that the spatial variability of soil
properties is the most important source of uncertainty in geotechnical RBD. However, from the results
presented in this paper, it is only one of the sources of uncertainty. In many design problems, statistical
estimation error, design calculation model error and transformation error associated with estimating soil
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parameters (e.g. friction angle) from the measured quantities (e.g. SPT N-values) exhibit higher uncer-
tainty.

2 PROPOSED SCHEME FOR GEOTECHNICAL RBD

2.1 Outline of the Scheme

The basic concept of the scheme is illustrated in Fig-
ure 1. The scheme starts with the basic variables. The o e
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Geotechnical design, (I), is almost the same as  Figure 1. Proposed RBD scheme

usual design procedure for geotechnical structures.
The response of the structure (safety factor etc.), y, is obtained from the basic variables, x, by the design
calculations. In some cases y can be related to x by a relatively simple performance function. In other
cases, the response surface (RS) method can be used to relate x to y by a regression analysis (Box &
Drepper, 1987).

The uncertainty analysis of basic variables, (I), is the main part of RA. Statistical analysis plays the
major role in this analysis. Some basic knowledge on probability theory and statistical analysis are re-
quired in this step. Much accumulated knowledge in geotechnical reliability design is employed in carry-
ing out the analyses. The author is recommending use of R language in this step which can make the
analysis very easy and efficient. Actually, all the uncertainty analyses and reliability analyses presented in
this paper are done by R.

The reliability assessment, (III), is carried out based on the results of the uncertainty analyses and the
performance function by simple Monte Carlo simulation (MCS). MCS is recommended due to the follow-
ing reasons:

(1) MCS is a very straight forward reliability analysis procedure that does not require detailed back-

ground knowledge of the probability theory in most cases.

(2) Since the performance function (or the response surface) introduced in the RBD calculation is sim-

ple, they do not require much calculation time. Therefore, it is not necessary to introduce any so-
phisticated reliability analysis methods that save the number of calculations of the performance

function.
Ground Surface
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technical RBD. They need to be chosen according ayers e
to the needs and the conditions of each design el
problem. It is assumed in this paper that the un- em Bk

certainties on actions are separately given.

Figure 2. Modelling soil profile by random field
2.2.1 Measurement error
It is error involved in measurements in investigations and tests. In the traditional error theory, the meas-
urement error is assumed to independently and identically follow a normal distribution. On the other
hand, this error may include biases caused by the equipments and the operators. However, this error is
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usually ignored in geotechnical RBD because the influence of it may not be large compared to other un-
certainty sources. Furthermore, it is very difficult to separate measurement error from observed spatial
variability. Thus, the observed spatial variability may also include the measurement error.

2.2.2 Spatial variability:

The spatial variability of geologically identical geotechnical parameters are conveniently (or fictitiously)
modelled by the random field (RF) theory in geotechnical RBD. The geotechnical parameters are deter-
mined by themselves and already exist at each location. However, because of our ignorance (i.e. lack of
knowledge or Epistemic uncertainty (Baecher and Christian, 2003)), we model them using RF for our
convenience. It is a simplification and an idealization of the problem.

It is a general procedure to model soil profile that belongs to a geologically identical layer by superpo-
sition of the trend and the random components (Lumb, 1974; Vanmarcke, 1977; Matsuo, 1984; Phoon
and Kulhawy, 1999a etc.). The trend component gives a general overall behavior of the soil property,
whereas the random component describes discrepancy of each observation from the trend (Figure 2):

z(x)= f(x|B)+&(x|o,0)  &~N(0,0°,0) (D

where
X : spatial coordinate vector (x,.x,,x,), f(x| £): afunction showing the trend component
s : trend parameter vector, £(x|o,0): the random component
o’ variance of the random filed, € : autocorrelation distance vector 6 =(6v,6,)
6,

: autocorrelation distance in vertical direction, d, : autocorrelation distance in horizontal direction

The random component g(x) is assumed to consist a stationary (=homogeneous) random filed (RF). The
stationarity assumed in this study is that in a weak sense, which implies the RF can be described by the
following three statistics:

4 (x,%,,x,) =0
O-zz(xl’XZ’x3)=O-2 (2)

P.(x),x,,x35) = p(Ax;,Ax,, Ax;)

The first equation states that the mean is a constant, i.e. independent of the coordinate x=(x;, x2, x3). In
the present context, this mean value is assumed to be 0. The second equation expresses that the variance
is also constant. Finally, the third equation states that the autocorrelation function is given not by the ab-
solute coordinate but by the relative distance between the two coordinate positions.

In addition to the above assumptions, the form of autocorrelation function is specified in this study.
Due to the deposition process of soil layers, it is generally assumed that autocorrelation structure for the
horizontal direction, i.e. x; and x,, and for the vertical, i.e. x3, are different. We assume that the autocorre-
lation function has separable property as suggested by Vanmarcke (1977):

pg(\j Ax12 + szz 7Ax3) = Pgh(\/ A)C12 +A)C22 ) 'ng(A)%) (3)

The exponential type autocorrelation function is assumed in this study

The typical values of these statistics for various types of soil are summarized, for example, in Phoon
and Kulhawy (1999a and 1999D).

2.2.3 Statistical estimation error

Errors associated with the estimation of parameters of RF are termed the statistical estimation error. It
further includes estimation error for parameter values estimated at a certain point in space by, say,
Kriging. RF theory is used as a platform to evaluate statistical estimation errors.

In evaluating statistical estimation error, the author believes it very important to distinguish between
the two cases below (Honjo and Setiawan,2007; Honjo, 2008).

General Estimation: The relative position of investigation location and of a structure to be built is not
taken into account in soil parameter estimation. For example, if a large container yard to be designed, the
bearing capacity of the ground at an arbitrary location may be evaluated considering general property of
ground condition obtained in the whole area.

Local Estimation: The relative position of investigation location and of a structure to be built is taken
into account in soil parameter estimation. Therefore, there would be considerable reduction in the estima-
tion error if the two locations are very close. A straightforward example of this case is that if one wants to
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design a foundation for a house and made a detailed soil investigation at the spot, one need to consider
very little uncertainty to ground condition.

The situation described here as General and Local estimation are rather common situations encoun-
tered by geotechnical engineers. The engineers surely have treated these conditions in an implicit way,
and modified their design. These are a part of so called engineering judgement in the traditional geotech-
nical engineering. The difference here is that we explicitly take into account these situations and try to
quantify the uncertainty.

Honjo and Setiawan (2007) has given formulation for these two cases for a particular situation. Honjo
(2008) has discussed this problem in connection with actual design. A recent paper by Honjo et al. (2011)
gives a general formulation for the general estimation, which is employed in the examples of this paper as
well. For the local estimation in this paper, block Kriging is employed (e.g. Wachernagel, 1998).

The author believes that a general statistical theory need to be developed for these two situations based
on RF theory. It is like the normal population theory gives a general theory for the mathematical statis-
tics. Although any real situation do not exactly satisfy the simplified and idealized assumptions made in
the theory, it can contribute quite a lot to give a basic platform for the evaluation of the statistical estima-
tion error in geotechnical parameter estimation and geotechnical RBD.

2.2.4 Transformation error
Errors associated with the transformation of measured geotechnical parameters by a soil investigation to
geotechnical parameters used in the design calculation are termed transformation error. There are usually
both biases and scatters in the transformations.
Readers will see the examples of the transformation errors

in the examples of this paper. The most comprehensive refer- o _

ence for this problem is a manual provided by Kulhawy and
Mayne (1990), which gives considerable amount of quantita-
tive information on this problem. E N
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tially in accordance with a comprehensive review on this problem by Wu (2009), where he stated that the
combined uncertainty for limit equilibrium analysis with circular slip is estimated to be mean 1.0 (i.e. no
bias) with COV 0.13-0.24.

By over viewing the uncertainties encountered in geotechnical design, most of uncertainty sources are
Epistemic uncertainty (i.e. lack of knowledge) rather than Aleatory uncertainty (i.e. pure randomness)
(Beacher and Christian, 2003). We are like playing cards with the ground where we peep through their
cards by some investigations. (In this game, fortunately, the nature does not have any intention to circum-
vent us.)

An example of sequence of uncertainties entering into geotechnical RBD is illustrated in Figure 4.

2.3 Local Average and Reliability Assessment

There is a description on the characteristic value of a geotechnical parameter in Eurocode 7 (CEN,2004)
as follows:
‘The zone of ground governing the behaviour of a geotechnical structure at a limit state is
usually much larger than a test sample or the zone of ground affected in an in situ test. Con-
sequently the value of the governing parameter is often the mean of a range of values cover-
ing a large surface or volume of the ground. The characteristic value should be a cautious
estimate of this mean value’ (CEN EN1997-1, 2.4.5.2 (7)).

The same fact has been pointed out much earlier by Vanmarcke (1977) that it is the local averages (LA)
of soil properties that are important in controlling behaviour of geotechnical structures, such as piles,
shallow foundations and slopes.

In geotechnical RBD, it is necessary to take the weighted average of geotechnical parameters to obtain
the resistance. For example, the shaft resistance of a pile is integration of the soil strength along the pile
shaft, resistance moment of a slip surface is integration of soil strength along the slip arc, and settlement
of a pad foundation may be controlled by the average stiffness of a certain size of soil mass right under
the foundation.

The local average (LA) of the geotechnical parameter for vertical direction over a length L is defined:

Z = %j: Z(x)dx 4)

It is apparent that the mean of the LA coincides with the original mean of the RF, g Furthermore, the
variance reduction of the local average from the original variance of the RF has extensively studied by
Vanmarcke (1977 and 1983), where he has derived so called the variance function, T*(L). If the autocor-
relation function is of the exponential type, s;, can be obtained by the variance function as,

= EH%I: Z(x)dx — yﬂ = o'T? (gj e (%}2 {2 [é 1+ exp(—%)ﬂ (5)

Vanmarke has further extended the theory to multidimensional space, and found that if the autocorrela-
tion function is separable, the variance of local average over an area or a volume can be obtained by mul-
tiplying the variance functions for each dimension.

In this study, the resistance is calculated based on the local average of a certain soil mass that is con-
trolling the behaviour of a geotechnical structure. Thus the uncertainty of resistance is a reflection of the
variance of the local average of the geotechnical parameter.

3 GEOTECHNICAL RELIABILITY BASED DESIGN BY EXAMPLES

The proposed RBD scheme has been applied to several cases. 4 examples are chosen here to illustrate the
procedure and highlight the characteristic of the method. Based on the results, some discussions are made
to identify the major issues geotechnical RBD are challenged.

The first three examples are problems set by ETC10 for the purpose of a comparative study of the na-
tional annexes of Eurocode 7. The problems are relatively straight forward but not excessively simplified
to lose the essence of real geotechnical design problems. Due to the limitation of the space, the details of
RBD are not described. One should see Honjo et al. (2010, 2011) for the details.
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The fourth problem is based on Otake et al. (2011) submitted to this conference. It is a reliability assess-
ment of a 14 km long irrigation channel for liquefaction during expected Tokai-Tonankai earthquake. The
difference between the general and the local estimation of the soil parameters on the results are empha-
sized.

3.1 Pad foundation on sand (ETC10 EX2-1)

3.1.1 Problem description

The problem is to determine the width of a square pad

foundation on a uniform and very dense fine glacial

outwash sand layer of 8 (m) thick on the underlying  Ground surface

bedrock (Figure 5). It is requested that the settlement —— Applied

should be less than 25 (mm) (SLS) and stability should — -———-- x —- force

be secured (ULS). The design working life of the struc- 0.8m

ture is 50 years. v Square
It is specified that the pad foundation is to be built at « > pad

embedded depth of 0.8 (m), and vertical permanent and B (to be determined) footing

variable loads of the characteristic values 1000 (kN)
(excluding the weight of foundation) and 750 (kN) re-
spectively are applied. The unit weight of the concrete is
25 (kN/m’). No horizontal loading is applied.

There are 4 CPT tests within 15 (m) radius from the
point the pad foundation is to be constructed and digitized o
q. and f; values of 0.1 (m) interval are given to 8 (m)
depth from the ground surface (Figure 6). The groundwa-
ter is 6 (m) below the ground surface. The unit weight of N
sand is 20 (kN/m?).

Figure 5. The pad foundation on sand

3.1.2 Uncertainty analysis

There are two limits states to be examined: SLS where
the settlement should be less than 25mm, and ULS where
the stability should be secured.

For the SLS, the CPT ¢, values are used to model the
spatial variability of the ground. A linear model is used to o —
describe the trend and the residuals follow a normal dis- |
tribution. The vertical autocorrelation distance of 0.4 m is 0 5 10 20 30

Depth (m)

estimated. The horizontal autocorrelation distance of 4 m  Figure 6. 4 CPT g, results
is assumed.

The general estimation is employed and estimation error is evaluated. Also reduction of the variance
by taking the local average between the depth of 0.8 to 1.8 m is taken into account. The overall reduction
of SD of CPT ¢, value is estimated, where SD of 2.28 MPa reduced to 1.66 MPa.

The transformation of CPT ¢, values to Yong’s modulus is done considering the transformation error.
The mean and SD of the error is estimated to be 1.14 and 0.94 respectively. This is considerably large er-
ror.

The uncertainty associated with the permanent and the variable loads are taken from Holicky et al.
(2007). . These quantities are used in the code calibrations of the structural Eurocodes rather widely.
The uncertainties evaluated are listed in Table 1 for SLS.

Table 1. List of basic variables for Ex.2-1 SLS settlement

Basic variables Notation mean SD Distribution type
Estimation error and local /g is proportional to  qc=10.54+1.66x 7.2(MPa) Normal
average variance of g, L. 3(MPa) Cov=0.13" at z=1.5(m)
Transformation error on £’ Ok 1.14 0.94 Lognormal
from ¢,
Permanent load Ak 1.0 0.1 Normal®
Variable load Ok 0.6 0.35x0.6=0.21 Gumbel distribu-
tion'”

(Note 1) COV has been obtained by Eq.(3). (Note 2) Based on JCSS (2001) and Holicky et al. (2007).
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Table 2. List of basic variables for Ex.2-1 ULS stability

Basic variables Notation Mean SD Distribution type
Spatial variability & 42.8 (degree) 0 Deterministic variable
Transformation error from g, i 42.8 (degree) 2.8 (degree) Normal

R, model error ORru 0.894 0.257 Lognormal
Permanent action Ok 1.0 0.1 Normal

Variable action ok 0.6 0.35x0.6=0.21 Gumbel distribution

For the ULS, the CPT g, values are first converted to internal friction angle in a equation proposed by
Kulhawy and Mayne (1990). The converted internal friction angle had very small variance, which made
the spatial variability of this quantity null. The transformation error in this conversion is given in the
same literature.

The model error in the bearing capacity calculation form the internal friction angle is obtained from a
recent literature which compares the calculated values with the results of the plate loading test.

The evaluated uncertainties are listed in Table 2 for ULS.

3.1.3 Geotechnical analysis and performance function

As for SLS, 3D PLAXIS is used to obtain the relationship between the settlement and the foundation size,
B at the mean values of Young’s modulus and the loads. It is found that the settlement has a linear rela-
tionship with log(B). Since the ground is assumed to be a elastic body, the settlement is doubled if
Young’s modulus is half or the load is doubled. These relationships are taken into account, and a per-
formance function is obtained:

. (17.0-9.73log(B) ( 7 D; B” + G0 + Q0 | _ (17.0—9.73log(B)) [ 20- B’ +10005;,, +7508,,, ©)
1,6, y-D,-B’+G, +Q, 1,5, 20-B* +1750

The performance function for ULS is given as follows:

M =Ru(B, @) 64, — G, -85 — 0, - O (7

Where R, is a classic bearing capacity formula, and M is S _ - notrans. err.
the safety margin. The definitions of other notations are R IR e el
given in Table 2. 2 o — all '

T o |
3.1.4 Reliability assessment and results E - \
Simple Monte Carlo simulation is employed to carry out o 9 o oo B Nt
the reliability analysis. The uncertainty listed in Table 1 =2 ~ _
and Eq.(6) are used to evaluate the probability that the “ I L
settlement exceeds 25 mm for SLS. The same procedure o T R 4
is taken to evaluate the failure probability of the pad ©
foundation based on Table 2 and Eq.(7). % ‘ ‘ A ‘ ‘

Figure 7 shows the results of MCS on ULS of the pad
foundation. The MCS is repeated several times by remov- 05 1.0
ing each uncertainty sources to see the impact, which the
results are also presented in the figure. The necessary

1.5 2.0 2.5 3.0

Foundation width (m)

width of the foundation based on the result for both SLS Figure 7. The results of MCS on the stability of
and ULS are presented in Table 4. the pad foundation.
Table 4. summary of the results for the pad foundation
Limit state Target £ for 50 years design working life. (Py) Required width (m)
S.L.S.(s <25 mm) 1.5 (0.067) B> 2.4 (m)
U.L.S.(stability) 3.8 (10%) B >2.2 (m)
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Table 5(a) rate of contribution of each uncertainty source for settlement analysis (B=1.0 m)

Uncertainty All uncertainties transformation error spatial variability load uncertainty
sources Considered
Pand S, 0.595 2.804 0.623 0.590
contribution 100 % 92 % 8 % 0%

Table 5(b) rate of contribution of each uncertainty source for stability analysis (B=1.0 m)

Uncertainty  All uncertainties con- transformation error model error load uncertainty
sources sidered
Pand S, 0.811 1.443 1.261 0.840
contribution 100 % 51 % 44 % 5%

The influence of each uncertainty source is listed in Table 5(a) and (b). An approximation method to es-
timate the contribution of each factor is explained in Appendix A. A discussion will be made on these re-
sults in the latter section of this paper.

3.2 Pile foundation in sand (ETC10 EX2-6)

3.2.1 Problem description 450mm
The problem is to determine pile length ~ ©round surface P el
L (m) of a pile foundation of a building. - ‘ - force 01020 0 A R0

The pile is a bored pile (D = 0.45 m) l ’ }W
Circular
bored
piles -5

dense sand spaced at 2.0 (m) interval
(Figure 8). Each pile carries a character-
istic vertical permanent load of 300 |
(kN) and a characteristic vertical vari- oo
able load of 150 (kN). The soil profile mned)
includes Pleistocene fine and medium
sand covered by Holocene layers of
loose sand, soft clay, and peat (see Ta-
ble 6).

There is one CPT (g. measurement
only) close to the spot to determine the
strength profile of the ground. The wa-
ter table is about 1.4 (m) below the
ground level.

embedded entirely in a medium dense to
10 %

Depth (m)

il
TR

I

=30

Figure 8. The configuration of the bored pile and soil profile by SPT
N-value transformed from CPT ¢, value.

3.2.2 Uncertainty analysis

The bearing capacity estimation equation for pile the author used is based on SPT N-value. Thus CPT ¢,
value is converted to SPT N-value by a equation given in Kulhawy and Mayne (1990). This transforma-
tion equation has the transformation error of mean 1, COV 1.03 and follows a log normal distribution.

Since there is only one CPT test result, and the layer have quite complex structure, the soil profile is
modeled by 10 layers and the mean and the SD of each layer is estimated from the CPT test result.

The model error in the empirical bearing capacity estimation equation used widely in Japan is obtained
from a literature which is based on the results of a number of pile loading test results. The model error for
estimating shaft resistance and pile tip resistance are given separately as shown in Table 6.

The uncertainties on permanent and variable loads are taken from the same literature used in the previ-
ous example, and given in Table 6.
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Table 6. Statistical properties of the basic variables

Basic variables Notations Mean SD Distribution Note
uncertainty on characteristic value of permanent load Sk 1.0 0.1 Normal G =300 (kN)
uncertainty of characteristic value of variable load Spk 0.6 0.21 Gumbel 0r=150 (kN) Y
uncertainty of estimating pile shaft resistance & 1.07 0.492 Log Normal Okahara et.al (1991)
uncertainty of estimating pile tip resistance Sy 1.12 0.706 Log Normal Okahara et.al (1991)
uncertainty of transformation from CPT ¢, to N S 1 1.03 Log Normal Kulhawy & Mayne (1990)

Layer 1 Clay with sand seams NI® 7.51 3.66 Normal Depth 0.0 - 1.9 (m)
Layer 2 Fine sand N2@ 14.80 4.58 Normal Depth 1.9 - 2.9 (m)
Layer 3 Clay with sand seams N3@ 9.24 1.44 Normal Depth 2.9 - 4.0 (m)
Layer 4 Fine silty sand N4? 10.33 3.22 Normal Depth 4.0 - 9.0 (m)
Layer 5 Fine silty sand with clay & peat seams N5@ 16.17 3.31 Normal Depth 9.0 - 11.0 (m)
Layer 6 Clay with sand seams N5@ 10.08 1.45 Normal Depth 11.0 - 12.3 (m)
Layer 7 Clay with peat seams N7 11.14 1.51 Normal Depth 12.3 - 13.0 (m)
Layer 8 Clay with peat seams N8@ 13.68 0.54 Normal Depth 13.0 - 15.0 (m)
Layer 9 Fine sand N9@ 13.56 7.24 Normal Depth 15.0 - 17.0 (m)
Layer 10 Fine sand NI10® 26.98 3.71 Normal Depth 17.0 (m) below

(Note 1) Based on Holicky, M, J. Markova and H. Gulvanessian (2007). (Note 2) Unit of soil layers are SPT N-values

3.2.3 Geotechnical analysis and performance function

The performance function employed in this example is given as follows:

M= U&f Zé‘nf; (ON,)L + §qdqa (6N, )Ap —0,G, — 5Qka
=

where,

(8)

U: perimeter of the pile (m), f;: maximum shaft resistance of each soil layer (kN/m2), L;: thick-

ness of each soil layer (m), N: standard penetration test (SPT) blow count, g,: ultimate pile tip resistance
intensity per unit area (kN/m2), and other notations are listed in Table 6. The details of f; and ¢, is given

in SHB (2002).

3.2.4 Reliability assessment and results

Monte Carlo simulation using R language is carried out
for different pile length L (m) to obtain the reliability
index (or probability of failure). In this analysis, the
number of random numbers generated for each case is
500,000 sets. The obtained reliability index for differ-
ent pile length is shown in Figure 9.

Since the case considered is the ultimate limit sate,
the reliability index, f, of more than 3.8 may be re-
quired. The pile length of more than 18 (m) is neces-
sary.

In order to investigate the contribution of each un-
certainty sources, reliability analyses are carried out by
removing each uncertainty source at a time. These re-
sults are shown in Figure 9 as well. The rate of contri-
bution of each source is further presented in Table 7.
The contributions are estimated based on the approxi-
mation method explained in Appendix A. The result of
this table will be discussed later.
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Figure 9. The results of MCS on the stability of the
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Table 7. rate of contribution of each uncertainty source for a pile bearing capacity (at L=13 m)

Uncertainty  All uncertainty Spatial Pile tip resistance Pile shaft Transformation
sources variability resistance error
pand g, 2.75 2.85 2.82 3.69 3.94

contribu- 100 % 6 % 5% 41 % 48 %
tion
1m c T//
H (to be determined) <« > rest o /*y_%
Pl " o

= - \

1 3m £ < Q\%/

o l\ .

] — Y e
© — O/0

Ground surface —

FVT (kPa)

Figure 10. The configuration of an embankment on peat and the results of 5 FVT

3.3 Embankment on peat ground

3.3.1 Problem description

An embankment is to be designed on a soft peat ground whose final height should be 3 (m) above the
ground surface (Figure 10). The problem here is to determine the first stage embankment height. The in-
clination of the embankment slope is 1:2, whereas the crest width 1 (m). The unit weight, y, of the em-
bankment soil is 19 (kN/m ) and the frlctlon angle ¢=32.5 (degree).

The ground surface 1s horizontal. The ground consists of a few dm of topsoil and normally consoh-
dated clay (=18 (kN/m’) and y=9 (kN/m )) on a 3 to 7 (m) thick peat layer with y’ =2 (kN/m’) over-
laying Pleistocene sand of 7’ =11 (kN/m’) and ¢’ =35 (degree). 5 filed vane test (FVT) results are given
whose testing interval is 0.5 (m) in the vertical direction and the length varies between 2.5 and 7.0 (m).

Only ultimate limit state needs to considered and no variable loads have to be taken into account.

3.3.2 Uncertainty analysis

The five FVT results are plotted in Figure 10. It is observed that s, at surface layer of about 0.5 (m) is
considerably larger than the bottom peat layer indicating different soil layer. It is determined to separate
these data, and group them as topsoil. The trend component of the underneath peat layer is obtained as a
quadratic curye, and the residual random component fits to a normal distribution with a constant variance
of 2.40° (kPa?).

The statistical estimation error for estimating the local average of peat layer is obtained, whose SD is
estimated to be 0.528 (kPa), whereas the variance reduction by local averaging for 4 m depth makes SD
of spatial variability to be 1.12 (kPa). The resulting SD for the local average of the peat strength is
70.528% +1.12% =1.24 (kPa).

The uncertainty concerning the thickness of the top soil is introduced, so as the undrained shear
strength, s,. They are all listed in Table 8.

The design calculation model error is obtained based on Matsuo and Asaoka (1976), where an uniform
distribution of [-0.1, 0.1] is introduced.
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Table 8. Basic variables of embankment on peat

Basic variables Notations mean SD Distribution
Topsoil s, Sutopsoil 21.04 (kPa) 3.44 Normal
([topsoil) (1 0) (O 163)
Peat s, Supeat 14.73-3.512 +0.5362° (kPa) 1.20 Normal
(Loeat) (1.0) (0.13)"

Topsoil thickness D; [0.5, 1.0] (m) Uniform®
Uncertainty of ¢’=0 method O [-0.1,0.1] Uniform®
Unit weight of embankment 7 19.0(kN/m”*) — Deterministic

Friction of embankment & 32.5 degree - Deterministic
Unit weight of topsoil 7 9.0(kN/m”) — Deterministic
Unit weight of peat ' 2.0(kN/m”) — Deterministic
Friction of sand & 35 degree - Deterministic
Unit weight of sand %’ 11.0(kN/m’) — Deterministic

(Note 1) Sypear (at z=4.0(m)) = 14.73 - 3.5x4.0 + 0.53x4.0%=9.27, COV=1.24/9.27=0.13
(Note 2) It is assumed that the boundary of the topsoil and the peat layer lies somewhere between z = 0.5 to 1.0 (m).
(Note 3) Based on Matsuo & Asaoka (1976).

3.3.3 Geotechnical analysis and performance function

A response surface (RS) that relates embankment height, h, s, of the topsoil layer, s, of the peat layer, the
thickness of the topsoil, D,, and the safety factor, Fj, is obtained by a regression analysis based on the re-
sults of the stability analysis of 75 combinations of these parameters. Swedish circular method is em-
ployed for the stability analysis. In order to make the response surface equation simple, s, of the peat
layer and the topsoil layer are normalized at their mean values

1,0 =5,/(mean of s, of the peat layer) 9
I,...=5,/(mean of s, of the topsoil) =s,/21.04 ©)

topsoil

Based on the obtained response surface, a performance function is obtained as follows:

Fs=1.783-1.351 h + 0.213 h* + 1.156 L,py + 0.272

Liopsoir + 0.091 D, + O (10)
where the notations are given in Table 8. o

o

T
3.3.4 Reliability assessment and results 2 ~_ alluncertainties
The performance function obtained in Eq.(10) is em- - | " f:;st il th une.
ployed to evaluate the failure probability of embank- ?.) - no topsoil thickness unc,
ment, Prob[Fs < 1.0], by MCS. The uncertainties con- - | 7 no model error >

sidered in the analysis are listed in Table 8.

The MCS results are plotted in Figure 11. It is dif-
ficult to determine what level of reliability is required
in this structure. If the failure probability of 1 %,

Failure probability
1e-02

which is = 2.32 is chosen as a target, the height of 8 _|
the embankment for the fist stage may be 2.1 (m). The 2
safety factor by the Swedish method is about 1.4 if

the mean values of soil parameters are used in the g |
stability calculation 2

The failure probability is evaluated by removing
each uncertain source to find out the impact of each
source. These results are also presented in Figure 11.
The contribution of each source is approximately es-
timated by the method explained in Appendix A,
where the results are listed in Table 9. In this case, the
peat soil strength is the dominant source of uncertainty
which is followed by the model error.

1.0 1.5 20 25 3.0

Height of the embankment (m)

Figure 11. An embankment on peat MCS results
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Table 9. The rate of contribution of each uncertainty source for embankment stability (H=2.1 m)
Uncertainty  All uncertainty Peat strength Top soil strength  Top soil thickness Model error

sources
pand S; 2.27 4.58 2.38 2.29 2.44

Contribution 100 % 75 % 9 % 2% 13 %
Notes Statistical: 14 %

Spatial: 61 %

3.4 Liquefaction risk along 12 km long irrigation channel

3.4.1 Problem description

The case described here is based on a paper by Otake et al. (2011) which is one of the papers submitted to
this conference. Therefore, only outline of the analysis and the results are given. The parts related to the
purposes of this presentation are referred to.

The irrigation channel under study is 25 km long and completed in 1970 (Figure 12). The geology un-
der the channel can be divided into three parts, where 12 km long central part (STA30 — 150) is described
in the paper. It is an open channel RC frame structure and 90 % is build in the embankment (Figure 12(a),
embankment type), whereas 10% is excavated channel (embedded type) including siphons. The RC frame
channel has width of about 10m, height 5m and 10m long.

The channel is located on one of major Alluvial panes in Japan and geology is relatively homogene-
ous. There is a potentially liquefiable sand layer (As layer) of about 12m thick whose SPT N-value is
about 15 and the fine contents (Fc) less than 10%.

The area is in the region where near future occurrence of Tokai-Tonankai earthquake is suspected.
Model earthquake motion provided by the central disaster mitigation conference for the earthquake is
employed in this study. The downstream part is more susceptible to stronger earthquake motion because
it is closer to the epicentre. By the peak ground surface acceleration (PGA), it is 135gal at the most up-
stream point, 175gal at the middle point and 241gal at the most downstream point. The distinguished
characteristics of this earthquake motion are its very long continuous time (about 120 sec) and dominance
of the long period components (2 — 4 sec).

The performance requirements of this irrigation channel are fo keep the water level that is sufficient for
the natural distribution of water to the surrounding area and to provide sufficient quantity of water to the
destinations. Thus, a limit was set to the absolute settlement of the RC frame for maintaining the water
level, and to the relative settlement of the adjacent frames to preserve necessary quantity of water flow.
To be more specific, the limit state was set to 60 cm for the absolute settlement based on the free board of
the channel, and to 60 cm for the relative settlement due to the frame base thickness.

10m | Bor. type
<> embankment type cxcavated type embankment type n=19 =
Smbankm = n=13
| 0 30 50

aY \ chanme T~

.si-hqn
As(Liquefiable layer) As(Liquefiable layer) 1

Ac
Embedded type Bm hy=1:100
10m
| <]
T T
— I—l\$ 5 _5m

5m

As (Liguefiable layer) STA30 40 50 60 70 8 9 100 110 120 130 140 150
| 1 1 1 1 1 1 1 1 1 1 1 ]

Embankment type
(a) Typical cross section (b) longitudinal section of soil condition

Figure 12. Characteristics of structure and soil condition

3.4.2 Geotechnical analysis

It is necessary to select a geotechnical parameter that is appropriate to represent ground characteristic in
evaluating potential of liquefaction. S, value proposed by Goto et al. (1982) is selected in this study to
represent the strength of ground for liquefaction. This is weighted integration of adjusted SPT N-value,
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N1, over 20m depth. N; is defined as N; = 170 « N/ ( o*v’+ 70 ), where o V’ 1s the effective overburden
stress.

S, =0264- & W0 gy 0 885 (11)

The characteristic of the sand layer is solely evaluated by N1 value in this index. This is justified in this
case because As layer is very homogeneous and the grain size distribution is similar throughout the area,
thus S, is an effective index to evaluate the liquefaction strength of ground at least relatively.

Then, the problem is to evaluate the residual settlement of the irrigation channel for the earthquake
with considerably long duration and of long dominant period. The dynamic FEM based on the effective
stress analysis, LIQCA2DO07, is employed in order to take into account of the mobilization and dissipation
of the excess pore pressure. The effectiveness and the limitations of the program was checked by analyz-
ing shaking table test which had modeled the channel.

The settlement of the RC frame is predicted by LIQCA2DO07 for various possible conditions. Based on
this parametric study, a response surface (RS) is built which is to be used in the reliability assessment.

The settlement induced by the liquefaction is a complex phenomenon which is influenced by many
factors. In stead of building a very complex RS, relatively simple RS was introduced in this study. The
uncertainty associated to the RS, which is the residual of the regression analysis of the settlement by vari-
ous factors are also introduced in the reliability assessment.

The vertical displacement is related to S, and 7 by a linear regression line:

D=a-§S,+b-t+c+e¢ (12)

where D: vertical displacement(cm) obtained by LIQCA2D07, : shear stress(kN/m?) acting at the cen-
tre part of liquefiable sand layer, a,b and c: regression coefficients, and & residual error.

Table 10. Input to reliability analysis

Uncertain sources Notation mean SD Distribution type
Sy-value Sn -0.34%D 0.85%" Normal
Earthquake shear stress T [12-17.5] 0 Deterministic
Model error of RS ORS 1.0 0.09%? Normal

(0.06) *?
Model error of LIQCA2D07 OFEM 1.0 0.23 Normal

21 : values by the General estimation. 2 : COV=10.24/110=0.09(embankment type) 2.83/48=0.06(embedded type)

3.4.3 Uncertainty analysis and performance function
Uncertainties considered in this study are model uncertainty of LIQCA2DO07, spatial variability of soil pa-
rameter represented by the spatial variation of S, statistical estimation error and error associated to the
approximation by RS. These uncertainties are quantitatively analysed by the statistical means. The results
of the statistical analysis, which is quantified uncertainty of each uncertainty source, is presented in Table
10.

The performance functions for the embankment type and the embedded type are respectively given as
follows:

D eppi= (=212 +S,-18.8 “t+120 ) *6rs * Orem (13)

Dembd: (]00 'Sn+1.97 'T+5] ) '5RS '5FEM (14)
where Dpg: vertical movement of the embankment type RC frame, and Deuq : that of the embedded

type.

3.4.4 Reliability assessment and results
Figure 11 and Figure 12 shows the mean elevation after shaking of each RC frame (10 m long) for the
general estimation and the local estimation of S,.value respectively. It can be seen, in both cases, the dis-
placement is lager in the downstream because of the stronger earthquake motion. In the downstream part,
the mean settlement exceeds the threshold value of 60 (cm). The lager relative displacement occurs at lo-
cation where the embankment type switches to the embedded type, which implies danger of leakage of
water from the channel.

Although the general feature of the vertical displacement is similar for the general and local estimation
of §,, one can see more detailed behavior of each RC frame in the local estimation. For example, there is
location where the mean settlement exceed 60 (cm) near STA90 in the local estimation.
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Figure 15. Result of Reliability analysis
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Figure 15 presents the mean vertical displacement and the exceeding probability of it over the threshold
values (i.e. 60 cm ) are presented for the general and local estimation of S,. The two cases are superposed
in these figures for the comparison. The prediction based on the local estimation generally gives smaller
exceeding probability, however there are several locations where this relationship is reversed. These
probability can be used to determine the optimum enforcement plan of this irrigation channel.

Table 11. Contribution of Uncertainty sources

Uncertainty All Sn-value Model error

sources uncertainty FEM RS

bandf5 Site-rl 1.87 1.88 8.49 1.92
(contribution) (STA63) (100%) (0%) (95%) (5%)
Site-r3 2.32 2.05 1.63

(STAS56) (100%) (54%) (41%) (6%)

Site-nr 1.02 1.42 1.33 1.08
(STA60) (100%) (48%) (41%) (11%)

Note) Site-rl1:N-values at every 1m, Site-r3: N-values at every 3 m, Site-nr :
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3.5 Discussions

It is also one of the purposes of this paper to identify some of the major issues geotechnical RBD is chal-
lenged based on the results of the examples. The important sources of uncertainty in geotechnical RBD
can be found by carefully discussing the results presented in Tables 5(a), 5(b), 7, 9 and 11. The following
observations are possible for RBD of SLS and ULS of the pad foundation, the pile foundation and the
embankment on peat:

It is found from SLS design of the pad foundation that uncertainty is quite large which makes nec-
essary size of the foundation massive (Table 4). This is due to the large uncertainty in transforming
CPT g. to Young’s modulus, which can be seen from the results in Table 5(a) that 92% of the un-
certainty comes from this transformation error. It is well recognized among geotechnical engineers
that estimating stiffness characteristics of ground from the penetration type investigations such as
SPT and CPT is not reliable, and the result is ascertaining this fact. Traditionally, therefore, SLS is
not checked in the shallow foundation design, and fairly large safety factor, e.g. 3, is introduced in
ULS design to secure the performance for SLS.

In stability problem of the foundation, i.e. ULS of the pad foundation and the pile foundation, the
transformation error and the design calculation model error dominate the uncertainty. In both ex-
amples these two uncertainty sources contribute about 40 to 50 % of all uncertainty in the RBD re-
spectively that they are actually controlling the results of the design (Tables 5(b) and 7). The trans-
formation error in the pad foundation design is estimating ¢’ from ¢., whereas in the pile
foundation design from ¢. to SPT N-value. The model errors of the design calculation equations for
the both examples are obtained by comparing the calculated results to the observations (i.e. the re-
sults of plate loading tests and pile loading tests). If the author was familiar with the pile capacity
calculation formula based on g., the transformation error in the pile design may have been consid-
erably reduced. The spatial variability of the soil property in the two examples are small because
(1) the variance reduction by the local averaging, and (2) very small fluctuation of ¢’ in the pad
foundation example.

Only in the embankment example, the soil spatial variability is the major source of the uncertainty
(Table 9). The spatial variability of the peat and top soil undrained shear strength occupies 70% of
the total uncertainty. The statistical estimation error and the design calculation model error contrib-
ute 14 and 13 % respectively. This consequence comes partly from the accuracy of the design cal-
culation formula, i.e. Sweetish circular slip method, as presented in Figure 3. The model error in
this example is much smaller compared to the former examples.

The soil properties in the first three examples are essentially obtained by the general estimation concept,
where we did not take into account the relative location of the soil investigation and the structures. The
comparison of the general and the local estimation is specifically made in the irrigation channel example,
where the followings are observed:

By comparing the reliability indices, S, of three locations in Table 11, Site-rl has the highest 5,
followed by Site-r3 and then Site-nr. It is actually the reflection of the amount of reliable soil prop-
erty information at each site. Site-rl has SPT N-value at each 1 m interval through the sand layer,
whereas Site-r3 only in 3 m interval. Site-nr does not have any soil property information at the lo-
cation and it has to be extrapolated from the nearby investigation results. Note that more informa-
tion does not necessary means more safety of the structure. There are some locations that the ex-
ceeding probability is very high and yet the soil investigation was made (Otake et al., 2011). The
more information just implies more precise prediction, and if the soil property is near the average,
the location with more information gives higher reliability due to the elimination of statistical esti-
mation error.

As far as the contribution of each uncertainty source is concerned, the error in estimating S, and the
model error contribute evenly at both Site-nr and Site-r3 (Table 11) to the total uncertainty. The er-
ror in estimating S, includes effects of the spatial variability, the variance reduction by local aver-
aging and the estimation error. (Actually, Kriging and the conditional simulation technique are used
in estimating S,) The model error consists of the FEM model error and the RS model error, where
the former is far dominant. At Site-rl, there is no error for S, estimation, thus the model error over-
rules the total uncertainty.
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The readers may have found by now that the selection of uncertainty sources and their assigned extents
may be different from one geotechnical engineer to another based on his knowledge and experiences. If
one is more familiar with the local soil property, he/she can narrow down the uncertainty compare to a
stranger. Actually, this is one of the essences of geotechnical design and the fact should be reflected in
geotechnical RBD as well.

4 CONCLUSIONS

All the examples exhibited in this paper, the description is orders in “problem description”, “uncertainty
analysis”, “geotechnical analysis and performance function” and then “reliability assessment”. It is ex-
pected that readers would comprehend the philosophy of the proposed RBD scheme through these de-
scriptions that the geotechnical analysis part is separated from the uncertainty analysis part. The uncer-
tainty analysis part does require some knowledge in statistical analysis. However, other parts need only
small knowledge on probability and statistics. It is anticipated that the readers are able to perceive some
engineering judgments introduced in geotechnical analysis part, such as some geotechnical interpretation
of the transformation equation from ¢. to ¢’ in the pad foundation ULS example, the introduction of top
soil layer thickness into embankment stability example, and the introduction of S, in characterizing the
potentially liquefiable layer in the irrigation channel example.

Through these examples, it may be understood that it is not necessarily soil properties spatial variabil-
ity that controls the major part of uncertainty in many geotechnical design problems. The error in design
calculation formulas, transformation of soil investigation results (e.g. SPT N-values, FVT, CPT g¢.) to ac-
tual design parameters (e.g. s,, ¢, resistance values), and statistical estimation error are more important
sources in some cases.

All the statistical and reliability calculations carried out in this paper are done by R language. Due to
the restriction of space, it was not possible to explain the superiority of this language in this paper. By us-
ing R language, these operations become much user friendly and less time consuming.
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APPENDIX A

The estimation method given here is used to estimate the contribution of each uncertain source to the reli-
ability analyses presented in this paper. It is really an approximate method to know these contributions so
as to give materials for discussions on geotechnical RA.

The contributions are basically measured by contribution of each variance to the total variance. Sup-
pose the performance function is given by a linear combination of all uncertain sources of resistances and
forces. Let R be the average of total resistance, S that of force. The reliability index, £, can be given
as follows:

~ R-S _R-S (A-1)
\/0'21+0'§+-~+0'i Jo’
where o7 : variance of uncertainty source i.
Also, let us define £, as
R-S

b=
\/021+o-§+---+o-l.j+a

B

(A-2)

2
i+l

+otol
Based on Equations (B-1) and (B-2), contribution of o7’ to all uncertainty, o, can be calculated as
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As stated above, this method is only very rough approximation. The actual performance function is not a

linear combination of uncertain sources. Furthermore, some basic variables have biases which changes to-

tal mean values of resistance and force. Thus, the interpretation of the results should be done with some

care. However, in spite of all these restrictions, the author believes that the information provided by this

calculation may give interesting and useful information in the geotechnical reliability analyses.
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Safety philosophy of Eurocodes
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ABSTRACT: This paper examines how the Eurocodes deal with structural safety and risk management in
civil engineering. The questions of responsibility of the designer and/or of the architect are underlying,
but are not treated in detail. On one hand, the public aversion to failure and the societal desire of protec-
tion are increasing; on the other hand, the organization of the construction industry (research of profits,
lower cost of construction processes, strategy of engineering companies, increasing of subcontracting) is a
serious source of risks. What can be done in standards to invite engineers to exert their expertise in better
conditions? The current format of verification of construction works is the semi-probabilistic format,
called limit state design, and based on the partial factor method. Of course, it is possible to adjust the reli-
ability levels by selecting the numerical values of the partial factors at the national levels, but, in reality,
such a procedure is rather limited: changes of political nature are needed to reduce risks in civil engineer-
ing.

Keywords: Risk, Reliability, Safety, Structural Design, Accidental Actions, Eurocodes.

1 INTRODUCTION

Code of Hammurabi, Babylon, 1760 BC: if a builder builds a house for some one, and does not construct
it properly, and the house which he built fall in and kill its owner, then that builder shall be put to death.

The concepts of safety, risk and hazard scenario are defined and mainly commented in two Eurocodes :
EN 1990 “Basis of structural design” and EN 1991-1-7 “Eurocode 1 - Actions on structures — Part 1-7 :
General actions - Accidental actions”. The seismic risk is dealt with in EN 1998 “Eurocode 8 — Design of
Structures for Earthquake Resistance” which gives the general performance requirements, the definition
of the seismic action, structural analysis methods, and general concepts and rules applicable to civil engi-
neering works.

From a general point of view, safety, risk and uncertainty are key features of most business and gov-
ernment problems and need to be understood to take rational decisions. A risk is an issue, item, event
which may occur or not, and which may have a negative impact.

2 GENERAL REQUIREMENTS FOR CONSTRUCTION WORKS

From a general point of view, the main objective of Eurocodes remains the structural resistance to ensure
safety of people. Section 2 of EN 1990 gives the general requirements for a structure. Of course, a struc-
ture shall be designed to have adequate structural resistance, serviceability, and durability (EN 1990,
2.1(2)P), and in the case of fire, the structural resistance shall be adequate for the required period of time
(EN 1990, 2.1(3)P). But, moreover, a structure shall be designed and executed in such a way that it will
not be damaged by events such as explosion, impact, and the consequences of human errors, to an extent
disproportionate to the original cause (EN 1990, 2.1(4)P).
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This last requirement is at the origin of the definition of structural robustness. It derives from Essential
Requirement Nr. 1 of Council Directive 89/106/EEC of 21* December 1988 (CPD) on the approximation
of laws, regulations and administrative provisions of the Member States relating to construction products
(Annex I)" and its interpretation is not easy, in particular the “consequences of human errors”.

In addition, potential damage shall be avoided or limited by appropriate choice of one or more design
principles. Specific requirements are taken into account in case of fire.

In short, the first step of risk management is a good design to limit potential damage in case of unde-
sired events. These events, taken into account through accidental design situations, shall be sufficiently
severe and varied so as to encompass all conditions that can reasonably be foreseen to occur during the
execution and use of the structure (EN 1990, 3.2(3)P).

In EN 1991-1-7, the global strategy concerning accidental actions distinguishes “identifiable” acciden-
tal actions (impact, explosions) and actions “resulting from an unspecified cause” (in clear, unidentified
action origins). Of course, the selected design situations shall be sufficiently severe and varied so as to
encompass all conditions that can reasonably be foreseen to occur during the execution and use of the
structure (EN 1990, 3.2(3)P). Finally, it is the responsibility of the designer to define, for the client, pos-
sible reliability levels associated with risk levels (financial, economical, loss of human life, etc.).

3 APPROACH OF STRUCTURAL RELIABILITY IN THE EUROCODES

3.1  Reliability and reliability levels

Reliability is defined in EN 1990 (1.5.2.17) as the ability of a structure or a structural member to fulfil the
specified requirements, including the design working life, for which it has been designed. Structural reli-
ability covers in fact four aspects : safety, serviceability, durability and robustness of a structure.

Different levels of reliability may be adopted for structural resistance and for serviceability: they are
selected by the designer who takes into account the possible cause and /or mode of attaining a limit state
(i.e. an undesired phenomenon), the possible consequences of failure in terms of risk to life, injury, poten-
tial economical losses, public aversion to failure, the expense and procedures necessary to reduce the risk
of failure.

3.2 How structural safety may be ensured?

The levels of reliability relating to structural resistance and serviceability can be achieved by various
methods, or a combination of various methods, listed in EN 1990, like preventative and protective meas-
ures, measures relating to design calculations (representative values of actions, choice of partial factors),
measures relating to quality management, measures aimed to reduce errors in design and execution of the
structure, and gross human errors, other measures relating to the following other design matters: they are
the basic requirements ; the degree of robustness (structural integrity) ; durability, including the choice of
the design working life ; the extent and quality of preliminary investigations of soils and possible envi-
ronmental influences ; the accuracy of the mechanical models used ; the detailing, efficient execution, e.g.
in accordance with execution standards referred to in EN 1991 to EN 1999, adequate inspection and
maintenance according to procedures specified in the project documentation.

Concerning design calculations, the first difficulty is that they are intended to establish models of a
highly complex reality, following rules which are sufficiently simple to be used by designers. The simpli-
fications do not have absolutely general validity, and any rule must have a clear field of application, and
application of standards often necessitates a properly based appraisal (engineering judgment). Another
difficulty arises from the fact that no universal measure of safety exists; even a probability of failure is
not invariant at the level of practical applications, since it varies considerably depending on the informa-
tion data and assumptions according to which it is calculated. For dealing with problems of structural
safety there are three possible approaches : pragmatic (related to the past), dogmatic (related to the future),
and progressive (related to the present).

! This requirement is kept in the “Construction Product Regulation” (CPR) of the European Parliament and of the Council,
adopted on the 20™ of January 2011, which will replace the CPD.
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3.2.1 - Definition, choice and classification of phenomena to be avoided, limit-states.

It is usually considered that the phenomena to be avoided are modeled through limit-states, generally
highly idealized and hence conventional. However the concept of performance criteria is more general (it
can directly include the past history of the structure). For some limit-states (exceeding the bearing capac-
ity), the first occurrence should be avoided; for other limit states (e.g. crack opening of a concrete struc-
ture), only numerous repetitions can cause damage; but many limit-states are of an intermediate nature
(for example upheaval from a support).

Exceeding some limit-states involves immediate collapse (brittle fracture, loss of equilibrium) while
other cases involve slow or progressive failure (ductile fracture, cracking). Exceeding limit-states in-
volves consequences which may be more ore less dangerous. The most important of these consequences
is the probability - higher or lower - of the loss of human lives. In most cases the risks for the persons are
indirectly taken into account by considering the risks for the structure itself.

Taking account of the above distinctions, the limit-states are grouped in categories corresponding to
probabilities of the same order of magnitude. One category includes the ultimate limit-states, another in-
cludes the serviceability limit-states. Each category should then be sub-divided, e.g. according to whether
the limit-state can be reached by the occurrence, on one or more occasions, of certain values of the vari-
able actions, in order to determine the probabilities or permissible frequencies of reaching the correspond-
ing action-effects.

Only certain limit-states can, more or less exactly, be studied by comparing the action-effects applied
to a cross-section with resistances. To enlarge the field of application of a numerical value by artificial
modification of another factor (compensation) can lead to confusion.

3.2.2 - Nature of the choices of acceptable probabilities of occurrence of phenomena to be avoided.

The choices of degrees of structural safety are not simple technical operations but, between certain limits,
the result of arbitrary options of a political nature. It may however be supposed that dimensions close to
the lower envelope of those resulting from different national codes should give satisfaction to the compe-
tent authorities.

As a consequence of the relative nature of the probability of occurrence of a limit state, the acceptance
of a certain value (whether or not stated explicitly) of this probability is linked with the knowledge avail-
able at the time of this acceptance; the probability often has to be re-evaluated later on, and the conse-
quences drawn from its acceptance then have to be reconsidered.

3.2.3 - Criteria which may be taken into account when choosing the probabilities of phenomena to be
avoided.

a) Economic criteria, when used for a simple optimization, have often led, for ultimate limit-states, to
safety factors which are too low to be acceptable. This may be explained by the fact that aversion to the
risk increases more than proportionally to the magnitude of the risk and the corresponding probability.
These criteria do however permit useful analyses and lead, for example, to introduction of the concept of
economic barrier (important for ultimate states) and the concept of lifetime of a structure (design working
life, important for some serviceability states and for fatigue).

b) Analogic criteria are based on knowledge of the risks supported or accepted in circumstances where
human life is not connected with the safety of structures. Their relevance is indicative only. In particular,
the death rate due to traffic accidents is very much higher than the rate that could be accepted as a result
of accidents connected with structural failure.

¢) Psychological criteria intervene in appraisals by individuals or groups of persons. Appraisals by the
widest and the most permanent group constitute the public opinion. This one is subjective, deterministic,
variable, emotional, and thus far from rational. For example, it pays more attention to the number of vic-
tims in a particular accident than to the total number of victims. Broadly, its demands result from re-
corded accidents and hence depend on the number of existing structures of different types.

d) Legal criteria, at the present time, have remained essentially deterministic, and hence cannot be used
for making the choice. Attention is drawn to the fact that the need for clarification of the legal aspects of
safety is keenly felt in many countries. Moreover, certain legal practices which automatically link acci-
dents with mistakes and faults, as far as penalties are involved, without drawing certain distinctions,
should be reformed.
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e) Ethical criteria make it possible to take account of the value of human life by determining it indirectly
by reference to analogic criteria. But they require in addition that account should be taken of the evolution
of probabilities in the course of time in each particular case.

f) Risks acceptable during execution should be subjected to a special analysis which should examine cer-
tain specific concepts (consequences for the completed construction, nature of the accident at work, safety
concerning the contractors execution measures, possibility of influencing the risk, temporary nature of the
risk).

3.2.4 - Modification of acceptable probabilities depending on different criteria.
Modifications of this kind (reliability differentiation) should not be confused with modifications of factors
intended to maintain the probabilities constant.

In EN 1990 (Informative Annex B), the question of relating different levels of control (or, better, of qual-
ity) to different design rules has been introduced. This Annex will be developed and probably become
normative in the revised version of EN 1990, in liaison with the classification adopted in EC7.

4 THE SEMI-PROBABILISTIC FORMAT (PARTIAL FACTOR DESIGN)

The basic principles of the semi-probabilistic format for the verification of construction works may be
expressed as follows. The verification rules introduce safety:

- by selecting appropriate representative values of the various random variables (actions and resis-
tances),

- through the application of a set of calibrated partial factors,

- through safety margins, more or less apparent, in the various models (models of actions, of ef-
fects of actions and of resistances).

In the most common cases, the verification of the safety of construction works is based on the verification
of an equation of the following type:

Eq<Rq4

where E4is the design value of the effect of actions such as internal force, moment or a vector representing
several internal forces or moments, Ry is the design value of the corresponding resistance.

The general expressions for Eq and Rq are E, = E{yF’l.Frep’,. ; ad} and R, = R{ni ﬁ;ad}

M.i
Frep; 18 the relevant representative value of the action Nr. i (characteristic or other value), aq is the design
values of the geometrical data, Xy is the characteristic value of the material or product property Nr. i, 7 is
the mean value of the conversion factor taking into account volume and scale effects, effects of moisture
and temperature, and any other relevant parameters, y,, and y,, . are the global partial factors for action
effects and resistances.

Their numerical values, which have been partially calibrated by using the structural reliability methods,
are, in principle, based on a target value of the reliability index £ equal to 3,8, which means a probability
of failure of 7,2.10” in 50 years. The principles of the reliability theory (limited to the basic case of two
random variables : E, effect of actions, and R, resistance) are summarized in figure 1.
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Figure 1. Principles of the reliability theory

Nevertheless, it is obvious that the partial factors cover “small errors”. But how can be defined the
boundary between “small” and “gross” errors? Is it possible to compare a human error during execution
and the misuse of an advanced software?

5 RISKS IN CIVIL ENGINEERING

Structural failures may happen during execution, immediately after execution or during normal use of
construction works. Accidents are very frequent during execution. For example, there is probably one
failure or collapse per week during construction of bridges in the World. In general, if the number of fa-
talities is low, information of the public is limited. The causes may be of various origins:

- human error (the most frequent) associated to a lack of supervision of execution,

- errors or underestimations in the design (inappropriate mechanical models, underestimation of
actions —direction and magnitude — hazard scenarios not taken into account, construction
processes, etc.);

- underestimation of problems due to an insufficient appraisal of scaling effects;
- excessively ambitious projects (architects, engineers, etc.).

Accidents arriving “immediately” after execution, i.e. after a few months or one or two years after the
construction works are in use, are often difficult to explain. They may be due to an unforeseen short term
behavior of the ground supporting the foundations.

Accidents during normal use of construction works may have many origins : scour effects due to ex-
ceptional flood, impacts and explosions, errors in dynamics (footbridges, football stands under crowd
loading), errors in stability (in particular in case of structural modification of a building), lack of mainte-
nance, etc.

The following non exhaustive list gives some hazards which may be encountered for construction
works in use, or between uses and after use.

a) in use
to people in building
- stairs, floor finishes, glazing
to structure and people
- inadequate maintenance
- change of use
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b) in maintenance
to people doing maintenance

- access, confined spaces
- hot materials, toxic materials
- falls from height, fragile roofs

¢) in extension refurbishment and repair
- misunderstanding the original structure
- faults in the original structure
- earlier inappropriate modifications

d) in assessment
- incorrect assumptions (materials, structural form, loads)
- inadequate inspection

e) in demolition
- misunderstanding structure
- defects in structure
- inappropriate approach
- premature collapse, flying debris
- high risk elements; cantilevers, flat slabs, prestressed structures, retaining structures.

Of course, at any time, you may encounter risks like abnormal settlement, chemical attack in the ground,
overload, misuse, terrorism, explosion, impact, instability, lack of redundancy or other robustness, novel
materials and design concepts, corrosion and ageing, progressive/disproportionate collapse, risks to, or
from, adjacent buildings, structures and other facilities.

Standards provide guidance to designers. Many of them recall that they must be used by qualified and
experienced engineers like in the general assumptions of the Eurocodes. Indeed, the judgements which
are common to most designs have been taken by the authors of the code, and the results set down in a
manner which can be applied in design. When using a standard, the engineer implicitly accepts those
judgements, in many cases without fully understanding the basis for them, or the limits on their applica-
tion.

In particular, design standards assume that the structures they are applied to are ‘normal’ structures,
and designers are not always able to recognise complexity. Complexity in the field of bridges may be
more easily identified than complexity in the field of buildings. Outstanding structures are sometimes de-
signed by architects who consider themselves as artists, and the problems of safety are to be dealt with by
engineers, with poor fees !...

Should innovation be limited to avoid risks due to complexity? Of course, no. But for that reason the
Eurocodes have introduced the principle, and some rules, of robustness.

Robustness is the ability of a system to resist damage but maintain its important functions. It is not
limited to structures or even to physical systems; robustness principles can be applied to management sys-
tems. Robustness is somewhat different to other risk management systems in that it does not necessarily
eliminate or reduce known risks, although it may do. Its primary value is in reducing the effect of un-
known risks.

Strength and robustness are different. A single cantilever beam as a part of the main stability system
should not be considered robust, however strong it might be, since its failure would lead to failure of the
whole system. Although none of the design load cases could cause it to fail, it might be vulnerable to ter-
rorist attack or a previously undiscovered form of brittle fracture.

EN 1990 proposes a classification of construction works, for the purpose of reliability differentiation,
based on “consequences classes” (CC), i.e. by considering the consequences of failure or malfunction of
the structure. This classification is described in Table 1 (EN 1990, Table B1).
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Table 1. Definition of consequences classes

Consequences Description Examples of Dbuildings and civil

Class engineering works

CcC3 High consequence for loss of human life, Grandstands, public buildings where
or economic, social or environmental consequences of failure are high (e.g. a
consequences very great concert hall)

cc2 Medium consequence for loss of human Residential and office buildings, public
life, economic, social or environmental buildings where consequences of failure are
consequences considerable medium (e.g. an office building)

CC1 Low consequence for loss of human life, Agricultural buildings where people do not
and economic, social or environmental normally enter (e.g. storage buildings),
consequences small or negligible greenhouses

The criterion for classification of consequences is the importance, in terms of consequences of failure, of the
structure or structural member concerned. Reliability classes are associated to these consequence classes. A
refined classification for buildings is given in EN 1991-1-7 (Annex A).

For buildings in Consequences Class 3, a systematic risk assessment of the building should be under-
taken taking into account both foreseeable and unforeseeable hazards.

6 CONCLUSIONS

Should design standards, and Eurocodes in particular, go beyond what is currently proposed? It is clear
that the principles are good, but after, it is a matter of quality in the design, construction and maintenance
processes. Lessons from accidents inspire the following additional list of design principles:

- Safety factors are not intended cover gross human errors.

- Foundations of civil engineering works have the same design working life as structures in gen-
eral.

- Even if all individual parts of a structure are correctly designed, check the stability of the struc-
ture as a whole and ensure a minimum robustness.

- Avoid structures the stability of which is ensured by ties anchored in the ground and not pro-
tected against corrosion, exceptional or malicious actions.

- Avoid structures which are not damage-tolerant with regard to fatigue.

- Avoid structures with brittle members or sections: in case of rupture there is no pre-warning (the
structure should be fault tolerant up to a certain degree).

- Avoid a too slender structure if a refined and pertinent dynamic analysis cannot be performed.
- Take into account structural effects of climatic changes.
Concerning the design process, risks are increasing for the following reasons:
- The societal needs are increasing.
- The cost of the structural part of construction works is decreasing (competition, global economy).

- As a consequence of the previous observation, engineering services are not correctly remuner-
ated, time for design and construction is more and more shortened, the design is ensured by very
small (and cheap) design offices without real technical competence, personnel on construction
sites are not experienced, the control of quality by specialised companies is underpaid.
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Finally, a system where all calculations made in a small design office are checked by the same person is
not robust. Due to time constraints, the models may be inappropriate, the designer may have misunder-
stood the code, an important principle or a rule, or may fail to spot an error due to a particular combina-
tion of personal circumstances. Hopefully, for big projects, there is often a panel of experts following
seriously the design process and give their opinion in reviews of the proposed approach. In some cases,
sensitivity studies may be one way to judge the severity of a risk.

Finally, it is difficult to envisage an extension of the design codes to improve the situation concerning
the management of risks in civil engineering : it is not a matter of partial factors or of probabilistic ap-
proach ; it is more a matter of education, in particular in engineering schools and universities and of or-
ganisation of the construction industry.
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ABSTRACT: The Life Quality Index (LQI) is a recently developed concept that establishes a relation be-
tween the resources invested in improving the safety of an engineering facility and potential fatalities that
are avoided by the investment. In this way, the LQI provides a rationale for determining acceptability of
decisions involving life safety risks in engineering, including the establishment of target reliabilities. In
this contribution, the principle of the LQI is outlined and its relevance for making safety-relevant deci-
sions in geotechnical engineering is highlighted. The methodology is illustrated by an application to the
design of a slope, involving a FE-based reliability analysis.
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1 INTRODUCTION

In geotechnical engineering, decisions or recommendations on actions must be made, which will affect
life-safety risk. Whenever standards and codes do not apply (or when these are to be written), the engi-
neer must answer the question “How safe is safe enough?”. On the one hand, the engineer has the respon-
sibility to ensure the safety of people involved in the construction and the use of the facility. On the other
hand, he or she has the responsibility to use resources in an economical way. To find the right tradeoff be-
tween these two contradicting goals is the responsibility of the engineer. In geotechnical engineering (and
general civil engineering), this tradeoff is selected mostly implicitly, i.e. safety-related decisions are made
on the basis of past experience and calibration, thus implying an underlying (but unknown) weighting of
safety vs. cost. In many instances, this approach leads to good engineering decisions, but in some circum-
stances it can give rise to inconsistent or even grossly misguided actions. This applies in particular for
novel engineering applications or larger projects for which no or little experience is available. A proce-
dure for explicitly defining the right tradeoff is therefore desirable, not least because it enables the docu-
mentation and justification of the decisions taken.

The Life Quality Index (LQI) is a recently developed concept for determining acceptability of deci-
sions involving life safety risks in engineering, which provides a rationale for establishing target reliabili-
ties for civil engineering systems (Nathwani et al. 1997, Rackwitz 2002, Lentz 2007). The LQI is a socio-
economic utility function that depends on the wealth and life expectancy of a society. Any decision that
increases the value of the LQI is deemed acceptable. This increase can be due to an increase in life expec-
tancy (reduction of fatalities) or an increase in societal wealth (reduced use of resources). In this way, the
LQI establishes a relation between the resources invested in improving the safety of an engineering facili-
ty and potential fatalities and injuries that are avoided by the investment, i.e. it provides a means to quan-
tify the optimal tradeoff between safety and cost.

In this contribution, the principle of the LQI is outlined and its relevance for making safety-relevant
decisions in geotechnical engineering is highlighted. The methodology is illustrated by an application to
the design of a slope, involving a FE-based reliability analysis.
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2 LIFE QUALITY INDEX

There are different ways of assessing whether a safety-related decision should be deemed acceptable or
not. One of the most consistent approaches proposes to take a look at the personal utility an individual
experiences due to different decisions. Utility, here, is seen as the result of several factors, such as long
life in good health, wealth, intact family relations etc. This usage of the concept is common in socio-
economics. Unfortunately, many contributors to utility -- or simply to life quality -- cannot be quantified
properly. For this reason, income and life expectancy are generally used as representative indicators for
life quality as a whole.

Since the 70ies, several economists such as Shepard & Zeckhauser (1984) have made proposals for the
formulation of L = L(ey,g), where ey is life expectancy at birth and g denotes average income available for
risk reduction measures. In the engineering domain, Nathwani et al. (1997) first formulated the so-called
life quality index (LQI). The LQI is essentially a socio-economic utility function, which can be derived in
different ways making use of different principles (e.g. Pandey et al. 2006). In its present form (Pandey &
Nathwani 2004, Rackwitz 2004), it is written as

1 w'
f1—w*

Herein, S~ 0.7 quantifies the share of labor in the creation of the GDP. w is the time fraction of life spent
at work. The asterisk in w" signifies that the trade-off between work time and leisure time is at its opti-
mum from the point of view of the average citizen. /; denotes the average remaining life expectancy of all
currently living members of society of various ages a. In fact, age-averaged willingness-to-pay is the cor-
rect quantity to use as it must be assumed that a representative cross-section of the population is endan-
gered by the event-type hazard:

lu = Exlla(@)] = f

0

L=g%; with ¢q= (1)

a

uld (a)h(a,n)da 2)

The index d stands for discounting: Future income effects require discounting. For mathematical conven-
ience, this effect is integrated in the life expectancy term /; instead of the utility term g?. The term h(a,n)
denotes the age distribution of a population growing at rate n, while /,(a) denotes the (discounted) remain-
ing life expectancy of a person aged a:

L(a) = f ™ SCtlayexp [— f ty (T*)d‘[l dt

= fo " exp l— fa tu (r)drl exp l— fa tV (r*)drl dt 3)
= fau exp l— fty (o) + y(r*)drl dt

In the first line, S(¢|a) denotes the probability of surviving up to age ¢ for a person aged a today. Survival
probabilities are calculated from the age-dependent mortality rate z(a). Discounting is performed at some
rate {7 ), where 7 = 7- a.

If utility is made up of life expectancy /; and disposable income g, it implies that life expectancy can
be exchanged with income at a certain rate without changing overall utility. In fact, it can be observed
that people are willing to give a certain amount of their income in order to increase their life expectancy
by buying additional safety measures, e.g. when paying extra money for a car with additional safety fea-
tures. This rate of exchange between income and life expectancy is referred to as willingness-to-pay
(WTP). As outlined in Nathwani et al. (1997), this concept can be used for a criterion, by demanding that
any safety-related decision shall not lower utility (life quality) L:

dL oL q oL

g9 " a1,
Usually, engineering decisions have a simultaneous effect on safety levels and income. Safety measures
lead to a rise in average life expectancy /;, but their costs lead to a decrease in average available income
g. According to the willingness-to-pay (WTP) approach, a decision is judged acceptable if the overall life-
time utility remains equal or rises. It is important to realize that this type of criterion is only suitable for

dly =0 4)
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risk prevention, i.e. saving the life of some member of society who cannot be identified in advance. The
criterion is not applicable to identifiable persons already finding themselves in a state of immediate emer-

gency.
Setting dL = 0 and inserting Eq. (1) yields
JdL
aly _gdly
—dg SEdld —6?—WTP (5)
ag

Of principle reasons, it is more correct to replace dl/l; = E4[dl{a)l/E4lda)] by E4dlia)/lia)], see
(Lentz 2007). The acceptable domain is then limited by

g [dla@]
~dg < £y [ ey ] = WTP (6)
or

dg 1 dl;(a)

?*EE’*[ld(a) =0 ™

Note that safety investments lead to a negative change in income dg, so that -dg adopts a positive value.

Safety-relevant measures cause a change in mortality rate g, which is defined as the number of deaths
divided by the population size. Usually, this calculation is performed for each age group separately, lead-
ing to an age-dependent mortality rate z(a). Absolute and proportional mortality changes constitute two
of the most basic cases. In the first case, an age-independent increment du(a) = du = A is added to back-
ground mortality, so that ua(a) = w(a) + A. In the second case, age-dependent background mortality is
multiplied with a constant factor, so that us(a) = w(a) x (1 + ). The first case is more typical for acci-
dents (e.g. structural failure), whereas the second case can be observed with the effects of toxic exposure.
Other, more complex models exist as well.

For practical purposes, it is convenient to linearize the relationship between (small) changes in mortali-
ty du(a) and (small) changes in discounted life expectancy d/,(a) (Rackwitz, 2004), so that

£ [dld(a, A)] dl;(a,d)
A 1a(a) la(a)
Linearization coefficients are in the vicinity of J» = 13—17 and Js = 14-18 for industrialized countries

(Lentz 2007). The latter result is multiplied with crude mortality 4= [ z(a)h(a,n) da. For the absolute risk
model, inserting in Eq. (7) leads to

= —JAA or EA[ ] = —Js6 ()

~dg <~ Jah= ~Ga 9)

It can be shown that G, = % / 1s actually the WTP for averting one fatality. In the literature it is known as

the 'value of a statistical life' (VSL). However, this terminology appears to be unluckily chosen with re-
spect to ethical considerations. Typical values come close to 2 million PPP US$ for industrialized coun-
tries.

Empirical investigations basically confirm this number, e.g. Mrozek & Taylor (2002). However, some
cases indicate significantly elevated values. Presumably, this deviation from the analytically derived VSL
is due to the psychological phenomenon that people dread events disproportionally, if their perceived con-
trol over the situation is small or if a large number of victims are not killed in several small accidents but
by one single big accident. Both criteria apply to aircraft passengers — and in fact, civil aviation is known
for costly measures against very small residual risks.

3 HUMAN CONSEQUENCE MODELING

The previous section assesses engineering decisions by comparing changes in human mortality with
changes in income (caused by project costs). However, the directly controllable result of a safety-related
decision is not a change in mortality du, but a change in failure rate dr. Obviously, du is a function of dr
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if the failure is related to some potentially fatal hazard. The present section reviews some basic concepts
of how to establish this link.

Most potentially fatal events in civil engineering share some basic properties: They occur at an unpredict-
able moment and practically all fatalities occur at once. A basic methodology for this type of event-type
hazards was introduced in Lentz (2007). According to its basic idea, the expected number of fatalities in
case of a failure event F' can be written as

ND|F :NPE(]-_PQ)PD|F = Npgk (10)

Here, Npg is the number of people endangered. It corresponds to the number of people actually expected
to be present at the onset of the event. This is a subset of all people potentially present N,,,. P is the
probability of successful escape and Ppjr is the probability of death given no successful escape. The latter
probabilities are united in a single factor k = (1 — PQ)PD| r in order to keep the notation short in long ex-
pressions. The strength of the approach lies in the fact that the determination of Npr and Py follows the
same principles regardless of the specific event-type, such as building collapse after an earthquake, dam
failure or tunnel fire. The same statistical information on human behavior and physiology can be used in
all cases. Only the last component of Eq. (10), Ppr, requires case-specific modeling. All three compo-
nents of Npr are made up of several sub-quantities that have been numerically described in Lentz (2007)
and elsewhere.

The change in mortality caused by a failure is Np|r/Npqp, Where Ny, is the number of people in the en-
tire population (country). By multiplying with the failure rate, the change in mortality is obtained as

N Npik
A= g = —PEZ 4 (11)
Npop Npop

For many engineering facilities, the failure rate r is not constant with time, but approximate results can be
obtained with a constant (asymptotic) value of r when failed facilities are systematically rebuilt (Rack-
witz 2005). In the application presented in this paper, it is assumed that failure events occur as a homoge-
nous Poisson process, and the failure rate therefore is constant.

4 APPLICATION TO TECHNICAL FACILITIES

In design and operation of technical facilities, system parameters p are selected, which determine the per-
formance of the facility. (In the application example presented later, the parameter is the slope angle of a
embankment.) These parameters determine both the life-cycle cost of the facility, which causes a change
in societal income dg, as well as the failure rate r, which causes a change in the mortality risk associated
with the fatality.

To apply the LQI criterion, both the costs as well as the change in mortality are expressed as annual
values. Let C,(p) be the annualized net present life-cycle cost of the facility and r(p) be the failure rate
of the facility, which is here assumed to be constant. Following Rackwitz (2002), we can set the negative
change in income of the total population equal to the change in the annualized life-cycle cost of the facili-
ty, i.e. —dg = dCq(p)/Npop. (The division with Ny, is introduced because g is the per-capita GDP.)
Furthermore, the expected change in mortality is given by Eq. (11). Inserting in Eq. (9), it is

dC,(p) g Npgk
<-=J dr 12
Npop q’" Noop (p) (12)
Nypop cancels out, and rearranging the terms leads to the acceptance criterion:
dC.(p) _ g
— > Z J\Npgk = WTP - Npgk (13)
dT(p) q]A PE PE

Here, dC,(p)/dr(p) is the change in annualized cost with respect to the change in failure rate and will
take negative values for reasonable engineering situations (the cost increases with decreasing failure rate).

40



Eq. (13) is the criterion that engineering decisions p must fulfill to comply with societal values as ex-
pressed through the LQI. The right hand side depends on the willingness to pay WTP as determined from
the LQI principle, as well as the number of people exposed Npg and the probability k that a person ex-
posed is killed during a failure. The left-hand side depends on the effectiveness of measures for reducing
the failure rate. When more effective measures (i.e. less costly measures) are available, implicitly a higher
level of safety will be required. The application of the principle in Eq. (13) is illustrated in the following
for a simple but representative design decision in geotechnical engineering.

5 APPLICATION OF THE LQI PRINCIPLE TO THE ACCEPTABILITY OF SLOPE DESIGN

5.1 Problem statement

Consider the embankment shown in Figure 1 to be constructed for a railway line. The height of the em-
bankment h as well as the width at the top is prescribed, but the slope angle a can be selected by the de-
signer. Clearly, an increase in the slope angle will lead to a reduction of cost but also to an increase in the
failure rate r. It will be demonstrated how the LQI principle can be used to find the acceptable value of a.

5.2 Mechanical and probabilistic modeling

The embankment is modeled in 2D with plain-strain finite elements. The material model used is an elasto-
plastic model with a prismatic yield surface according to the Mohr-Coulomb criterion and a non-
associated flow rule with zero dilatancy. The elasto-plastic deformations are computed as the converged
pseudo time-dependent elasto-viscoplastic solution, applying the viscoplastic strain method (e.g. see
Smith and Griffiths 2004).

The considered random variables are those relevant to shear failure, i.e. the strength parameters and
specific weights of the soil and fill material, as well as the train loading (Table 1). The correlation coeftfi-
cient between the strength parameters of the same materials is taken as —0.3. For the stiffness parameters,
deterministic values are chosen (E = 10° kPa, v = 0.3 for both materials). Random spatial variability of the
soil properties is not included in the analysis for simplicity.

Table 1. Random variables

Parameter Distribution Mean Cov
Friction angle (Fill) ¢r [°] Lognormal 21 0.1
Cohesion (Fill) cr [kPa] Lognormal 12 0.2
Specific weight (Fill) y¢ [kN/m”] Normal 20 0.05
Friction angle (Clay) ¢c [°] Lognormal 20 0.1
Cohesion (Clay) cc [kPa] Lognormal 15 0.2
Specific weight (Clay) yc [kN/m”] Normal 19 0.05
Train load g [kN/m?] Gumbel 50 0.2

Figure 2 shows the deformed mesh at failure for a slope angle a = 26.6°, with displacements magnified by
a factor of 200.
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Figure 1. Embankment with train load Figure 2. Deformations at failure. Slope angle a =26.6° (2:1),
factor of safety FS = 1.66.
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The factor of safety (FS) of the slope is computed applying the shear strength reduction technique (Matsui
and San 1992). It is defined as the number by which the original strength parameters must be divided to
reach the failure state. According to this approach, the strength parameters are gradually reduced by an
increasing factor and an elasto-plastic finite element computation is performed at each step.

5.3 Reliability analysis
The limit-state function, with negative values defining the failure event, is expressed as:
gX) =FSX) -1 (14)

where X is the vector of random variables given in Table 1. A series of reliability analyses are carried out
for selected values of the slope angle a by means of the first-order reliability method (FORM), resulting
in corresponding values of the reliability index B. For convenience, a 2" order polynomial function is fit-
ted to the computed values of [3:

B(a) ~ 11.61 — 0.415a + 0.0049a? (15)

Figure 3 shows the reliability index {3 as a function of the slope angle, together with the corresponding
failure rate r [yr™'], which is related to the reliability index B by r = ®(—B), with ®(.) being the stand-
ard Normal cumulative distribution function.
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Figure 3. Reliability index B, failure rate 7, as a function of slope angle a.

5.4 Life-cycle cost

The net present value of the annualized life cycle cost is a function of the slope angle, C (o). Since we are
interested only in changes of the cost, dC(a), it is sufficient to consider incremental costs. Simplifying,
we can write the construction costs as
C.(a) =cy + ¢ - Land use(a) + ¢, - Material(a)
hZ
=c¢y+ch(tana)™ + ¢, 1 (tana)™? (16)

=cy+c-(tana)™?

Where the constant is ¢ = ¢;h + c;h%/2. For h = 6m, a value of ¢ = 10°€ is taken in the following
(Note: this value of ¢ is based on assuming that the value of the constant is 10*€ per meter of embank-
ment and that the embankment can be modeled as a series system whose components have length 10m.
The latter asumption depends on the spatial correlation of material properties.)

It is assumed here that the construction costs are the only relevant costs, i.e. that maintenance costs and
other costs occurring after construction can be neglected. To compute the annualized life cycle cost, we
consider an interest rate of y of 2%, reflecting a long-term sustainable interest rate (corresponding to eco-
nomical growth). If the embankment is utilized over a period of tg years, the costs can be split into con-
stant annuities C, of
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_ yC(a)
el = T e n

which follows from C,.(a) = fots C,(a) exp(—yt) dt. To avoid selecting an arbirtrary service life time tg,

we consider an infinite time horizon tg = oo, Rackwitz (2010). In this case, the denominator in Eq. (17)
becomes one (it would be 0.86 in the case of t; = 100yr) and we get

Cola) =yC.(a)

=y[co + ¢ - (tan )] (18)

More sophisticated computations of life cycle costs based on renewal models are presented in Streicher
and Rackwitz (2004) and Joanni and Rackwitz (2007). However, the presented calculation is accurate
enough for the envisaged application.

5.5 Consequence model

Following Section 3, the expected value of the number of people killed given the event of a failure is de-
termined as a function of (a) the number of people present Np at the onset of the event, which here can be
considered as the number of people in a train, (b) the probability of successful escape P,, which here is
equal to the probability that the failure is detected timely and any train can be stopped before approaching
the location, (c) the probability of death given no successful escape Ppr, which here is the probability of
a person being killed given that the train derails due to a slope failure at this location.

With numerical values Npg = 200, P, = 0.3, Ppr = 0.3, the probability of an exposed person being
killed in the case of a failure becomes k = (1 — 0.3) - 0.3 = 0.21. The expected value of the number of
people killed given the event of a failure is Npg - k = 42.

5.6 Willingness to pay (WTP)

The WTP is defined in Eq. (13) as WTP = J g/q. All input values depend on socio-economic indicators
and must therefore be defined country-specific. Here, values valid for Germany in 2010 are taken and are
derived from the data provided in (OECD 2011) following (Lentz 2007). The disposable per-capita in-
come is obtained as g = 25'300€, the constant q of Eq. (1) is ¢ = 0.13 and the linearization coefficient
Ja of Eq. (8) is J, = 14.4. It follows that

25'300€

_ —28.106
WTP = 013 14.4 = 2.8-10°€

5.7 Acceptable slope angle

The acceptable slope angle is now found by application of Eq. (13). The left-hand side of Eq. (13), which
represents the efficiency of mitigating risk by decreasing a, is obtained from Eqs. (15) and (18) as

dc,(a) Y[co + ¢ - (tana) 1]
dCq(a) _ cclla _ 2 da
dr(e) = dr(a) = d®[-(11.61 — 0.415a + 0.0049a2)]
da
yc(sina) ™2

~ ¢[-(11.61 — 0.415a + 0.0049a2)](—0.415 + 2 - 0.0049a)

¢ is the standard normal probability density function. dC,(a)/dr(a) is plotted in Figure 4. The right
hand side of Eq. (13) is readily obtained as WTP - Npgk = 2.8 - 10%€ - 42 = 118 - 10°€. Figure 4 illus-
trates how the acceptable slope angle is determined as .. = 23.8°.
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Figure 4. The relative cost of reducing the failure rate, dC, (a)/dr(a), and the acceptable slope angle derived according to the
LQI criterion.

The minimum acceptable slope angle a,.. = 23.8° corresponds to a reliability index 3 = 4.5, as seen
from Figure 3. The corresponding global safety factor is FS = 1.83.

6 CONCLUDING REMARKS

The paper summarizes and illustrates the use of the LQI principle for determining the acceptability of ge-
otechnical engineering designs. The central idea is the formulation of an index (LQI) that serves as a
proxy for societal utility and is formulated as a function of life expectancy and income (which in turn is a
proxy for available resources). By requiring that any engineering decision must not decrease the value of
the LQI, a minimum requirement on the resources to be spent for risk-reduction can be deduced.

The presented example serves for illustrational purposes only. No general conclusions must be drawn
from this example, since the results are case-specific and are obtained from a simplified probabilistic
model. The purpose of the example is purely to demonstrate the steps involved in the application of the
LQI principle.

It is pointed out that the LQI is not a tool to be used directly for standard geotechnical projects, where
decisions are — and should be — made based on global or partial safety factors concepts. However, the LQI
principle can be used to determine the values of the safety factors prescribed by codes and standards. This
can be achieved by computing a larger set of examples similar to the one presented in this paper and then
calibrate safety factors (e.g., the acceptable slope angle shown in the example above corresponds to a
global safety factor of 1.83). Optimally, safety factors are defined as a function of the consequences of a
failure; the safety factors should increase with increasing consequences. The LQI principle enables to
quantify this dependence. As an example, if the consequences of failure in the above example are reduced
by installing a warning system that would increase the probability that trains can stop timely from 0.3 to
P, = 0.9, the acceptable slope angle increases to a,.. = 27.3° (with corresponding f = 3.9).

There has been some discussion in the scientific community on the exact formulation of the LQI, in
particular on the definition of the factor q in Eq. (1) (see e.g. Ditlevsen 2004). It is noted, however, that
the different formulations give results in the same order of magnitude and the dispute is thus of little prac-
tical relevance. More relevant is the fact that the LQI in its present form is restricted to considering fatali-
ties. Failures of engineering systems can lead to other types of relevant societal consequences, including
environmental damages. The LQI concept has yet to be extended to account for such consequences. A
first step in this direction is suggested in Lentz (2007), namely to additionally account for injuries caused
by a failure event, by considering only the life spent in good health in the formulation of the LQI concept.
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ABSTRACT: The development of a Load and Resistance Factor Design (LRFD) procedure for the Ulti-
mate Limit State (ULS) design of shallow foundations for highway bridges in the U.S. is presented.
Large, high-quality databases of foundations on/in granular soils under varying loading conditions tested
to failure are the backbone of this study. A procedural and data management framework had been devel-
oped that allowed the evaluation of the LRFD parameters. The study concentrated on the evaluation of
model uncertainties associated with the bearing capacity calculation. The model uncertainties were repre-
sented by the bias defined as the ratio of measured over calculated bearing capacities using defined soil
parameters and design methods. The measured bearing capacities were identified by a unique failure cri-
terion applied to the respective load-displacement curve of the load tests. Investigation of the bearing ca-
pacity equation possible via the database identified the bearing capacity parameter N, to be the major
source of the model uncertainty. A single resistance factor was found insufficient for addressing the bear-
ing capacity equation. As different soil strength and loading conditions result in different levels of uncer-
tainties, different resistance factors were required to be developed in order to maintain a consistent level
of reliability under the varying conditions. The resistance factors were established on the basis of prob-
abilistic analyses (FOSM and Monte Carlo simulations) for vertical-centric, vertical-eccentric, inclined-
centric and inclined-eccentric loading conditions.

Keywords: Limit State Design, LRFD, shallow foundations, databases, uncertainty evaluation, resistance
factors

1 INTRODUCTION

1.1 Methodology of LRFD and scope of the study

The intent of LRFD is to separate uncertainties in loading from uncertainties in resistance, and then to use
probabilistic procedures to assure a prescribed margin of safety. In the methodology of LRFD the safety
is represented by partial factors which are applied separately to the load effects and the resistance. Load
effects Q; are increased by multiplying characteristic or nominal values with load factors y;. The resis-
tance is reduced by multiplying the nominal value R, by a resistance factor ¢ < 1,0. The nominal resis-
tance results from a specific, calibrated design method and is not necessary the mean of the resistance. It
then has to be ensured that the factored resistance is not smaller than a linear combination of the factored
load effects:

O Ry 270 Q; (1)

LRFD represents a Resistance Factor Approach (RFA) where the resistance factor is applied to the result-
ing resistance calculated with the characteristic values of the strength parameters as well as characteristic
values of load components if the geotechnical resistance is defined as a function of the load effects. In
opposite to the RFA the Material Factor Approach (MFA) includes the direct application of the partial
factors to the characteristic values of the material, i.e. the resistance is calculated using the design values
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of the material strength. Eurocode 7 (e.g. DIN EN 1997-1, 2010) generally allows both procedures in
three design approaches, the member states specify in their National Annexes which design approaches
finally are to be used. The RFA format in Eurocode 7 also differs slightly from the one given in equation
(1) as the nominal resistance R, is divided by a resistance factor ygr > 1.0.

In the United States design specifications published by AASHTO (American Association of State
Highway and Transportation Officials) are traditionally used for all federally aided highway projects and
are generally viewed as the national code of highway practice. In the past two decades these specifica-
tions were gradually changed from Working Stress Design using global factors of safety (last edition of
the ‘standard’ specifications are AASHTO, 1987) to LRFD within the Limit State Design (LSD) concept.
While original changes mostly relied on back analysis (LSD from Working Stress Design (WSD)) and
probabilistic approach, the recent development was focused on calibrations utilizing databases. In this
context the NCHRP (National Cooperative Highway Research Program) research project 24-31 “LRFD
Design Specifications for Shallow Foundations” was initiated with the objective to thoroughly modify
Section 10 of the AASHTO LRFD Bridge Design Specifications to implement LRFD for the ULS design
of shallow bridge foundations. The results of the NCHRP 24-31 research study were reported by Pai-
kowsky et al. (2010). The major findings relevant to the bearing capacity of shallow foundations on
granular soils are presented here.

1.2 Implementation procedure

The implementation of LRFD to highway bridge foundations which has been adopted in this research fol-
lows a two-step strategy:

Step 1: Assembly and assessment of knowledge and data, including:

- Defining design methods used for the calibration procedures

- Establishing databases of case histories, large and small scale model tests

- Selecting typical bridge foundation structures and case histories

- Defining expected load ranges and their distributions

Step 2: Analysis of data and methods assembled in step 1, including:

- Establishing the uncertainty of the design methods and parameters, investigation of their sources

- Developing resistance factors and their examination in design cases

- Defining final resistance factors and conditions of implementation

- Developing new design specifications

The major task within step 1 and a very important part of the research was the compilation of large,
high-quality databases of foundations tested to failure. This was combined with the development of a pro-
cedural and data management framework that would enable LRFD parameter evaluation for the ULS of
shallow foundations. This study is the first which introduces large-scale reliability-based design calibra-
tion of shallow foundations utilizing databases. One database includes 549 cases of field and model tests
on shallow foundations in or on granular soils, predominantly subjected to vertical-centric loading, with a
sizeable component of foundations subjected to combined loading. A second database provides 122
model tests of foundations on or in rock.

Different design methods for predicting the bearing capacity of shallow foundations in or on soil or
rock in the ULS were compiled based on a questionnaire developed and distributed to all state bridge de-
sign agencies across the US and Canada as well as an evaluation of existing design methods based on a
literature review. As a result, a set of design methods was established as the basis for the probabilistic
analyses. Unique failure criteria for foundations on/in soil or rock had been defined, which were consis-
tently used to interpret the failure loads from all load tests in the databases, thus maintaining a consistent
failure interpretation for the following probabilistic analyses.

The analysis of the uncertainties associated with bearing capacity predictions was the most important
task within step 2. The model uncertainties were expressed inclusively by a bias which is defined as the
ratio of measured to calculated bearing resistances.

Based on the results of the uncertainty analyses for the resistances and known load uncertainties,
Monte Carlo (MC) simulation as well as a simplified solution derived from First Order Second Moment
(FOSM) method, have been used to determine the resistance factors for a predefined reliability index.
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2 LOAD DISTRIBUTION AND LOAD FACTORS

The loads and load combinations followed those presented by AASHTO (2007) and demonstrated in ex-
amples compiled by Kimmerling (2002). In lack of better data, the uncertainty of the foundation loading
has been assumed in this study as that attributed to the design of the structural element. The load factors
and uncertainties for vertical live loads and dead loads on the foundation structure have been selected
based on Nowak (1999) by Paikowsky et al., 2004, and are summarized in Table 1.

Table 1. Load factors and uncertainties in vertical live load and dead load

Load type Load factor Bias CoVv
Live Load (LL) y, =175 1.15 0.20
Dead Load (DL) y, =125 1.05 0.10

The horizontal dead loads on bridge foundation structures mainly result from earth pressures due to soil
and surcharge. The associated sources of uncertainty are, therefore, the variations in the soil unit weight
and the soil friction angle. Live loads mainly result from impact, wind, snow, temperature variations,
shrinking, creep, etc.

An analysis of the uncertainties related to lateral earth pressures suggested the load factors and uncer-
tainties for horizontal loads as given in Table 2. A lognormal distribution is assumed with these values.
The uncertainties of the dead loads are valid for a bias of the soil unit weight of 1.00 and a related COV
of 0.10 for natural soil conditions and of 0.08 for engineered backfill.

Table 2. Load factors and uncertainties in horizontal live load and dead load

Load type Load factor Bias COV
Live Load (LL) Y. =100 1.00 0.15
Dead Load (DL):

At-rest earth pressure ¥ g0 =1.35  1.00 0.30
Active earth pressure ¥, =1.50  1.00 0.30

3 BEARING CAPACITY OF HIGHWAY BRIDGE FOUNDATIONS

3.1 Bearing capacity formulation utilized for the predicted strength limit state

The analysis was based on the procedure for the bearing capacity prediction specified in the AASHTO
LRFD Bridge Design Specifications (2008). Accordingly, the general bearing capacity formulation by
Vesi¢ (1975) was used:

dn :C'Ncm+YI'Df'qu+O'5'YZ'B'Nym (2)

in which:

Ncm = Nc Sc¢ 'dc 'ic (3a)
qu =Nq “Sq 'dq ~iq (3b)
Nym =N, s, -d, -1, (3¢)

In Eq. (2) and elsewhere, c is the undrained shear strength ¢, in a total stress analysis or the effective
shear strength ¢’ in an effective stress analysis. Parameters y; and v, are the moist or submerged unit
weight of the soil above and below the footing base, respectively, whereas Dy is the embedment depth of
the footing. The bearing capacity factors N, Ng and N, are summarized in Table 3, the shape factors s, sq
and s, are presented in Table 4. The depth factors d., dq and d,, if applicable, as well as the inclination
factors i, 1 and 1, are given in Table 5 and Table 6, respectively.
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The parameter n in Table 6 is defined as:

o [%}-cosz e{%}-siﬁ 0

In Eq. (4) the angle 0 is the angle between the resultant load and the footing length L (or L”) projected in
the footing area. Eq. (2) and (4) as well as Tables 4-6 are valid either for the physical footing dimensions
B and L in case of centric loading or for the effective footing dimensions B'=B-2-ey and
L'=L-2-¢; in the case of eccentric loading.

The inclination factors in Table 6 and the effective footing dimensions are calculated with unfactored
loads.

Table 3. Bearing capacity factors N, (Prandtl, 1921), N, (Reissner, 1924) and N, (Vesi¢, 1975)

Friction angle N. [-] N [-] N, [-]
¢, =0°: 247 1.0 0.0
o, >0°: (Nq ~1)-cot ¢, exp(n-tan¢f)~tan2(45°+¢7fj 2-(Nq +1)-tan ¢,

Table 4. Shape factors (Vesic, 1975)

Friction angle s [-] Sq [-] sy [-]
¢, =0°: 1+0.2-% 1.0 1.0

. B N B B
d; >0°: l+f-N—j 1+—-tan ¢, 1-04.-—

Table 5. Depth factors (Brinch Hansen, 1970)
Friction angle de [-] dq [-] d, [-]

D
b, =0°: DfsB:1+o.4-?f 1.0 1.0

D
D, >B: 1+0.4-arctan[?fj

1-d D
o >0°: dq—N ‘*l DfSB:1+2~tan¢f-(l—sin(])f)2~§f 1.0

q

D, >B:1+2-tan¢, -(l—sin(l)f )2 -arctan(%] 1.0

Table 6. Inclination factors (Vesi¢, 1975)

Friction angle ic [-] iq [-] iy [-]
¢, =0° __nH 1.0
¢-B-L-N,
l—i H n H n+l
br > 0% K {1_V+C~B~L~cot¢ } {1_V+C-B-L-c0t¢ }
q f f
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3.2 Selection of soil parameters

Selected correlations were chosen in order to obtain a consistent interpretation of the soil parameters used
for the bearing capacity predictions. Where SPT results were available, the soil friction angle has been
correlated to the corrected SPT-N value (N))eo using a procedure proposed by Peck, Hanson and Thorn-
ton as mentioned in Kulhawy & Mayne (1990):

b ~54—-27.6034-exp(-0.014(N, ), ) [°] (5a)

(N o = |22 N (5b)

!
\'

In Eq. (5b) pa is the atmospheric pressure, o', the effective vertical stress and Ngo the corrected SPT blow
count.

For load tests conducted on medium to coarse, sharp-edged silica sand at the University of Duisburg-
Essen in Germany, a correlation of the soil friction angle to the soil bulk density has been established on
the basis of numerous direct shear tests. Eq. 6 is a revision of the original correlation given in Perau
(1995) and was used in this study.

0p =3.824-7-21.527 [°] (6)
where v is in kN/m”.

In cases where the unit weight was not specified, but SPT results were available the soil unit weight has
been correlated to the SPT blow count according to Eq. (5b) by a procedure suggested in Paikowsky et al.
(1995):

7=0.88-(N)s, +99 [pcf] fory <146 pef (7)

4 DATABASE AND DETERMINATION OF FAILURE LOADS

4.1 Database for shallow foundations in or on soils

The UML-GTR ShalFound07 database assembled in the present research study includes 549 load tests for
shallow foundations mostly in or on granular soils. The database was constructed in Microsoft ACCESS
2003. The majority of the cases are load tests to failure under vertical centric loading but a sizeable data-
set of foundations under combined loading conditions is also included. Tests under vertical centric load-
ing were either field or laboratory tests. Field tests, for which SPT blow counts were available, usually
were carried out on larger foundation sizes and were categorized as tests under natural soil conditions.
The tests under combined loading were mainly small scale laboratory model tests performed in controlled
soil conditions. For these, the mechanical properties of the tested soils (such as unit weight, density, and
shear strength) were determined in advance and were controlled in the tests; such that all the tests from
one source could be compared.

The majority of the tests were carried out in Germany, USA, France and Italy. The large number of
German tests originated from two sources, tests performed at the DEGEBO in Berlin (Deutsche For-
schungsgesellschaft fuer Bodenmechanik) in the 1960-ies and 1970-ies and tests carried out or compiled
in various research projects at the University of Duisburg-Essen during the past 25 years. Table 7 pre-
sents the content of the database classified by foundation type defined by the width of the foundation,
predominant soil type below the footing base and country.

As can be seen in Table 7, there is limited number of large scale foundation tests as typically the ser-
viceability limit is exceeded for these foundations prior to the strength limit state mobilization (i.e. bear-
ing capacity failure). Most tests in the database are plate load tests with a width of less or equal to 1.0 m
which include numerous small scale model tests under controlled laboratory conditions as mentioned
above.
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Table 7. Overview of cases in the UML-GTR ShalFound07 database

Predominant Soil Type Country
Foundation Type Cohe- Total
Sand  Gravel sive Mixed Others Germany _ Others
Plate load tests, B< 1 m 346 46 -- 2 72 466 253 213
Small footings, | m<B <3 m 26 2 -- 4 1 33 -- 33
Large footings, 3 m<B <6 m 30 -- -- 1 -- 31 -- 31
Rafts & Mats, B > 6 m 13 -- -- 5 1 19 1 18
Total 415 48 0 12 74 549 254 295
Note:

“Mixed” are cases with alternating layers of sand or gravel and clay or silt
“Others” are cases with either unknown soil types or with other granular materials like Loamy Scoria

The existing site conditions in the load tests were classified as shown in Figure 1. The database further

includes information on the footings, the subsoil conditions, laboratory test results, field tests, details of
the loading as well as the results of the load tests as load-displacement curves.
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Figure 1. Classification of various site conditions employed in the UML-GTR ShalFound07 database

4.2 Failure criteria and determination of failure loads from model tests

In order to evaluate the uncertainties of the bearing capacity model provided by the formulation presented
in section 3.1, a consistent procedure is required to identify the measured capacity, i.e. to define the fail-
ure loads from the load-displacement test results.

The bearing capacity equation given in Eq. (2) is valid only for a general shear failure and therefore is
limited to the foundation’s relative depth of D/B < 2. In general shear, the failure pattern is completely
developed and reaching the surface beside the foundation (see Figure 2). General shear failure is indi-
cated by a distinctive peak in the load-displacement curve and can therefore be clearly identified. Usu-
ally, footings in homogenous, nearly incompressible soils with finite shear strength fail in general shear
failure as shown in Figure 2. Out of the cases in the database, especially the plate load tests show this
failure pattern, i.e. the small scale model tests conducted under controlled laboratory conditions where the
homogeneity of the soil and its density could have been adjusted.
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In field tests in inhomogeneous soils, the resultant load-displacement curves do not show a prominent
peak indicating a general shear bearing capacity failure. For non-dense soils, the foundation fails in local
or punching shear. Depending on the actual mode of failure, a clear peak or at least an asymptote value
may not exist at all, so that the failure load needs to be interpreted. Such interpretation requires a load test
to be conducted to sufficiently large displacements. Large scale field tests were typically performed to
limited displacements where a bearing capacity failure could not be developed or identified. This led to a
reduction in the number of load tests available for the reliability analyses.

Load

General shear

Settlement

general shear failure
Figure 2. Bearing capacity failure as a general shear failure (Vesi¢, 1975)

The following criteria for interpreting the failure loads from load-displacement curves have been investi-
gated in this study:

- Minimum slope criterion (Vesi¢, 1963)

- Limited settlement criterion (Vesié, 1975)

- Interpretation from the log-log plot of the load-displacement curve (De Beer, 1967)

- Two slope criterion (e.g. NAVFAC, 1986)

With the minimum slope criterion (Vesi¢, 1963) the failure load is defined at the point where the slope of
the load-displacement curve first reaches zero or a minimum steady value. For footings in or on soils with
high relative density which are more likely to fail in general shear failure the starting point of the mini-
mum slope usually is clearly defined. For footings in or on soils with lower densities the definition of the
failure load may sometimes be arbitrary. In this case, a semi-log scale with the load in logarithmic scale
may help to identify the failure load.

The limited settlement criterion introduced by Vesi¢ (1975) includes the definition of the failure load
at a limited settlement of 10% of the footing width.

If the load-displacement curve is presented in a logarithmic scale with loads and displacements either
as normalized or as absolute values, the failure load can be interpreted as the point of break in the load-
displacement curve (De Beer, 1967).

The two slope criterion (e.g. NAVFAC, 1986) is a variation of the minimum slope criterion or De
Beer’s criterion and can be applied by constructing the asymptotes at the initial portion as well as at the
end portion of the load-displacement curve which is plotted either in a linear or a logarithmic scale. The
load at the intersection point of both asymptotes represents the failure load. A range of failure load may
be identified if the location of the end asymptote is not unique.

The application of these failure criteria to the UML-GTR ShalFound07 database was examined for the
tests on vertical-centric loading. Out of these tests, 196 cases could have been interpreted using the mini-
mum slope criterion and 119 using De Beer’s criterion based on the log-log plot of the load-displacement
curves. Most of the footings, especially in small scale model tests on very dense soils, failed before reach-
ing a settlement of 10% of the footing width. This criterion could therefore only be applied to 19 cases.

In order to examine and compare the failure criteria and to establish the uncertainty of the criterion se-
lected for defining the bearing capacity of shallow foundations on soils, a single “representative” value of
the relevant measured capacity was assigned to each footing case. This was done by taking an average of
the measured capacities interpreted using the minimum slope criterion, the limited settlement criterion of
0.1B (Vesi¢, 1975), the log-log failure criterion, and the two-slope criterion (shape of curve). The values
obtained by each of the failure criteria were then compared case by case to the representative value. The
statistics of the ratios of this representative value over the interpreted capacity using the minimum slope
criterion and the log-log failure criterion were comparable with the mean of the ratio for the minimum
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slope criterion being 0.98 versus that for the limited settlement criterion being 0.99. Due to the simplicity
and versatility of its application, the minimum slope criterion was selected as the failure interpretation
criterion to be used for all cases of footing, including those with combined loadings. Figure 3 shows the
histogram for the ratio of the representative measured capacity to the interpreted capacity using the mini-
mum slope criterion. Figure 3 represents, therefore, the uncertainty associated with the use of the selected
criterion, suggesting that the measured capacity interpreted using the minimum slope criterion has a slight
overprediction.
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Figure 3. Histogram for the ratio of representative measured capacity to interpreted capacity using the minimum slope criterion
for 196 footing cases in granular soils under vertical-centric loading.

5 EVALUATION OF MODEL UNCERTAINTIES

5.1 Definition of the bias

The uncertainty of the geotechnical resistance model controls the resistance evaluation of the foundation
due to the assumptions and empirical data utilized in its formulation. To evaluate the model uncertainty
the bearing capacity model presented in section 2.2 was calibrated as a complete unit while other associ-
ated sources of uncertainty were reduced by applying specific procedures, e.g. the soil parameter estab-
lishment as previously discussed. This approach, while may be in dispute, was proven effective when ap-
plied to the design of deep foundations (see example in Paikowsky et al., 2010) or when examined
theoretically against a case study (Teixeira et al., 2011).

The uncertainty associated with the bearing capacity calculation was evaluated on the basis of the test
results in the databases by comparing the bearing capacities measured in the load tests with the calculated
bearing capacities using the calculation methods defined in section 2.2. The ratio of measured over calcu-
lated bearing capacity is defined as the bias Ag:

_ measured bearing capacity

(8)

R calculated bearing capacity

This lump-sum procedure includes all sources of uncertainties related to the bearing capacity prediction
such as scale effects, variation in soil properties, etc.

The statistics of the bias, especially its mean value and its coefficient of variation (COV), were used to
analyze the model uncertainties.
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5.2 Uncertainties in the bearing capacity of footings subjected to vertical-centric loading

Figure 4 summarizes the results of the statistical analysis for the vertical-centric loading cases. The over-
all mean bias was 1.59 for all 173 cases which indicates a systematic bearing capacity underprediction.
The mean bias for footings in controlled soil conditions was 1.64 and higher, with a COV of 0.267, and

therefore significantly different than that for footings in natural soil conditions (mean bias = 1.00, COV =
0.329).

Vertical Centric Loading
n = 173; mean bias = 1.59, COV =0.291

Natural soil conditions Controlled soil conditions
(¢¢ from SPT-N counts) (D, 2 35%)
n = 14; no. of sites = 8 n=159; no. of sites =7
mean = 1.00 mean = 1.64
COV =0.329 COV =0.267
| |
| | |
B>1.0m 0.1<B<1.0m B<0.lm 0.1<B<1.0m
n=6 n=238 n=138 n=21
no. of sites =3 no. of sites =7 no. of sites = 5 no. of sites =3
mean = 1.01 mean = 0.99 mean = 1.67 mean = 1.48
COV =0.228 COV =0.407 COV =0.245 COV =0.391

Figure 4. Summary of the bias for vertical-centric loading cases

The higher mean bias in controlled soil conditions is attributed to the conservatism in the theoretical pre-
diction of the bearing capacity formulation as outlined in section 3.1. This conservatism especially results
from the bearing capacity factor N, proposed by Vesi¢ (1973) (see Table 3).

The uncertainty related to N, has been analyzed on the basis of load tests carried out on the surface of
granular soils. Under such conditions, the bearing capacity only depends on the weight of the soil as the
embedment and cohesion term in Eq. (2) are equal zero.

N, can, therefore, be back-calculated from the load tests and the obtained values can be related to the
theoretical value proposed by Vesi¢ (1973). With that the bias of the bearing capacity factor N, is defined
as:

- N.Exp _ qu/(O.S-y-B-sy)
N, NWesiC 2-(Nq+1)-tan¢f

€
Figure 5 presents the bias A as a function of the soil friction angle ¢r. A clear trend of the bias increas-

ing beyond 1.0 for friction angles ¢ > 42.5° can be observed in Figure 5.

The best fit line of the bias kNy in Figure 5 is expressed as:

N,y = €xp(0.205- ¢ —8.655)-N for 42.5° < ¢ < 46° (10)

YExp yVesic

with a coefficient of determination of R? = 0.351 indicating a large scatter.
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Figure 5. Bias of the bearing capacity factor N, as a function of the soil’s friction angle ¢¢

Figure 6 shows the bias of the calculated bearing capacity Ar and the bias of the bearing capacity factor
kN for the considered range of soil friction angle. The overlapping biases suggest that the bias in the
bearing capacity factor N, is the dominant factor affecting the uncertainty in the bearing capacity predic-
tion whereas the shape factor has only a negligible influence considering that most foundations were of
limited L/B ratio. This has been confirmed by the analysis of footings under vertical-eccentric, inclined-
centric and inclined-eccentric loading which revealed a similar trend although the biases did not overlap
as cases involving eccentric and/or inclined loading are also sensitive to the loading conditions and their
effect on the bearing capacity.
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Figure 6. Bias of the bearing capacity prediction compared to the bias of the bearing capacity factor N, as a function of the
friction angle for footings under vertical-centric loading

5.3 Uncertainties in the bearing capacity of footings subjected to combined loading

The uncertainty analysis for footings subjected to combined loading, i.e. vertical-eccentric, inclined-
centric and inclined-eccentric loading, was based on results from small scale model tests under controlled
laboratory conditions performed by DEGEBO (see e.g. summary in Weil, 1978), Gottardi (1992), Mon-
trasio (1994) and Perau (1995).
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The uncertainty of the bearing capacity prediction for footings subjected to vertical-eccentric loading was
based on the results from load tests with a radial load path, i.e. where a constant ratio e = M/V was main-
tained during the test as the vertical load was applied at a constant eccentricity. A total number of 43 tests
were examined. The resulting histogram and PDF of the bias as well as the relationship between meas-
ured and calculated bearing capacities are presented in Figure 7.
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Figure 7. Histogram and probability density function of the bias (a) and relationship between measured and calculated bearing
capacity (b) for all footings subjected to vertical-eccentric loading

The analysis shows a mean bias of 1.83 and a COV of 0.351 for all load tests. However, the DEGEBO
tests conducted on larger footings (0.5 m < B <1.0 m) lead to a significantly larger bias of 2.22 than the
small scale model tests with 0.05 m < B < 0.5 mand a mean bias between 1.43 and 1.71 indicating a de-
pendency of the bias on the footing size.

The available tests on foundations subjected to inclined-centric loading were either conducted with a
radial load path (DEGEBO; Gottardi, 1992; Montrasio, 1994) or a step-like load path (Gottardi, 1992; Pe-
rau, 1995). In the latter, the vertical load was increased to a certain value and then kept constant while the
horizontal load was increased to failure. The difference in the applied load path did not have an influence
on the bias statistics. As can be seen in Figure 8, a mean bias of 1.43 for all 39 tests was determined with
a COV of 0.295. For this load combination, the DEGEBO tests lead to biases of similar magnitude as the
small scale model tests.
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Figure 8. Histogram and probability density function of the bias (a) and relationship between measured and calculated bearing
capacity (b) for all footings subjected to inclined-centric loading

Bias, A = qu,meas / Yu,calc

57



Figure 9 shows the histogram and PDF of the bias as well as the relationship between measured and cal-
culated capacity for the 29 tests on foundations subjected to inclined-eccentric loading. These tests were
conducted with a radial or a step-like load path. Significant differences in the results due to the different
load paths could not be identified in this case as well.

A mean bias of 2.43 with a COV of 0.508 was calculated for all tests. However, detailed examination
revealed that the direction of the applied moment or load eccentricity in relation to the direction of the ho-
rizontal load affects the measured failure loads.

A resultant moment, which acts in the opposite direction to the horizontal load and causes a negative
eccentricity (see Figure 10 top), induces rotations which counteract the horizontal displacements by the
horizontal load. The resulting resistance, i.e. the failure load, is higher as compared to inclined-centric
loading. A moment which acts in the same direction as the horizontal load and causes a positive eccen-
tricity (see Figure 10 bottom) induces rotations which enforce the horizontal displacements, and hence,
the resulting failure load is smaller as compared to inclined-centric loading.
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Figure 9. Histogram and probability density function of the bias (a) and relationship between measured and calculated bearing
capacity (b) for all footings subjected to inclined-eccentric loading
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Figure 10. Loading directions for the case of inclined-eccentric loadings
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Figures 11 and 12 show a significant difference in the bias when the different loading directions are con-
sidered. For cases with a negative eccentricity the mean bias is 3.43 compared to a mean bias of 2.16 for
the cases with positive eccentricity. The results suggest that the loading direction needs to be considered
in the evaluation of the resistance factors. It should, however, be noticed that the effect is less pronounced
when the vertical load is relatively high, i.e. the load inclination is relatively small. Lesny (2001) demon-
strated that for a vertical load level equal or greater than 0.3 the effect of the loading direction is negligi-
ble. The vertical load level is defined as the ratio of the vertical load to the vertical failure load under ver-
tical-centric loading. While the findings clearly demonstrate an important physical effect, the practical
ramification of this finding is yet to be investigated.
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Figure 11. Histogram and probability density function of the bias (a) and relationship between measured and calculated bear-
ing capacity (b) for footings subjected to inclined-eccentric loading with a positive eccentricity
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Figure 12. Histogram and probability density function of the bias (a) and relationship between measured and calculated bear-
ing capacity (b) for all footings subjected to inclined-eccentric loading with a negative eccentricity

59



6 DERIVATION OF RESISTANCE FACTORS

6.1 Probabilistic analysis procedures

The partial factors used in the LRFD are derived in this research using so-called Level 2 approaches in
which the uncertainties of the design variables are expressed by their mean, standard deviation and/or co-
efficient of variation. The limit state of the foundation is evaluated by using the First Order Second Mo-
ment (FOSM) method as an approximate iterative procedure as well as the more accurate Monte Carlo
Simulation (MCS) procedure.

According to the FOSM as originally proposed by Cornell (1969) the mean and the variance of a limit
state function g(e) are defined as:

mean: m, ~g(m;, m,,ms,...m,) (1la)
2
n
variance: Gé ~ Z[;ng o 012 (11b)
i=1 1

In Eq. (11) m; and o; are the means and the standard deviations of the basic variables (design parameters)
Xi.

The FOSM was later used by Barker et al. (1991) to develop closed form solutions for the calibration
of geotechnical resistance factors ¢ that appear in previous AASHTO LRFD specifications:

(s 1+con
Vi
fle FCOVR )

g -exp{B |In _(1 ¥ COVR)- 1+ covg)

—

In Eq. (12) Q; are the loads, Ar is the resistance bias factor defined as the mean ratio of measured resis-
tance over calculated resistance, mq 1s the mean of the loads, COVr and COVj, are the coefficients of
variation of the resistance and the load, respectively, y; are the load factors and [ is the target reliability
index.

The approach adopted in this research differs from the original Level 2 approach as the load factors and
related uncertainties used in the analysis are previously selected (see section 2) and then utilized to de-
termine the resistance factors for a given target reliability index and a given range of loads.

MCS involves the numerical integration of the failure probability defined as:

1 n
pr =P g<0—§ D gs (13)
i=1

In Eq. (13) I is an indicator function which is equal to 1 for g; <0, i.e., when the resulting limit state is
exceeded (failure), and equal to 0 for g; > 0 when the limit state is not exceeded. N is the number of simu-
lations carried out.

In order to evaluate equation (13) the basic variables and their distributions first need to be defined.
Then N random samples for each design variable based on their distributions, i.e. using the statistics of
loads and resistances, are generated. The limit state function is evaluated N times taking a set of the de-
sign values previously generated and the number Ny is counted for which the indicator function is equal to
1, i.e. failure occurred. The failure probability is finally obtained as the ratio N¢/N.

The resistance factor based on the MCS can be calculated using the fact that to attain a target failure
probability prr, the limit state must be exceeded N¢r times. As in the current LRFD concept only one re-
sistance factor needs to be determined for one limit state, while keeping the load factors constant, a suit-
able choice of the resistance factor shifts the limit state function so that failure occurs N¢t times.
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It has to be noticed that the results of a MCS is only as good as the determination of the distributions of
loads and resistance. This means, the statistical parameters need to be defined as good as possible.

6.2 Definition of the target reliability index

Instead of the failure probability, the safety of a system often is expressed by the reliability index 3 which
describes the margin of safety by the number of standard deviations of the probability density function
for the limit state g, separating the mean of g from the failure zone beginning at g = 0. The reliability in-
dex is related to the failure probability by the error function @ as given in Eq. (14).

pr =®(-B) (14)

Accordingly, the target reliability index is the safety margin to be implemented in the design. It can be
derived either from the reliability levels implicit in the current WSD codes or by a cost-benefit analysis
with an optimum reliability based on minimum costs including costs of economic losses and conse-
quences due to failure. The latter is a difficult process as especially costs related to human injuries or loss
of life are hard to determine and therefore not adopted in this research.

Using a target reliability derived from WSD represents the acceptable risks in the current design prac-
tice and may therefore be an adequate starting point for a code revision. However, such reliability levels
can have considerable variations as various studies have shown (e.g. Phoon and Kulhawy, 2000; Honjo
and Amatya, 2005).

It seems to be logical and convenient, therefore, to assign a target reliability index for the foundations
equal to that assigned for the superstructure to maintain a comparable reliability level, although the actual
reliability level of the combined system of super- and substructure remains unknown. For foundations
in/on granular soils a target reliability index of fr = 3 has been selected in the probabilistic analyses.

7 RECOMMENDED RESISTANCE FACTORS

7.1 General

The aforementioned investigations of the bearing capacity equation vs. shallow foundations load test da-
tabases lead to the conclusion that one single resistance factor for the bearing capacity is not sufficient to
address the different loading conditions leading to different levels of uncertainties. Consequently, differ-
ent resistance factors were established based on the probabilistic analyses, each for vertical-centric, verti-
cal-eccentric, inclined-centric and inclined-eccentric loading conditions. These resistance factors are va-
lid only with the calculation methods specified previously for the respective resistances.

7.2 Vertical-centric loading

For vertical-centric loading the bias change with the soil’s friction angle as described in section 5.2 had to
be considered in developing the resistance factors. For this, subsets of the database based on the magni-
tude of ¢r were analyzed for possible outliers to improve the quality of the database and to achieve a bet-
ter fit of the assumed probability distribution. In the end, only one outlier had been removed, so that 172
cases were available for the resistance factor calibration. Further on, a lognormal distribution of the bias
has been defined for the whole range of ¢.

The MCS calculations are based on a mean bias of:

Apc =0.398exp(0.0372- ¢ ) (15)

with a COV,, of 0.25 for controlled soil conditions and 0.35 for natural soil conditions. From the results of
the calculations the resistance factors presented in Table 8 finally have been recommended specified for
natural soil conditions and controlled soil conditions. The values are valid for soils with a relative density
of 35% and greater.

For loose soils with a smaller relative density and friction angles less than 30° it is recommended to
consider either ground improvement or ground replacement in the zone of influence beneath the footing
or to choose an alternative foundation.
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Table 8. Recommended resistance factors for vertical-centric loading

Soil friction angle [°] Recommended resistance factor ¢ (Bt = 3)
natural soil conditions controlled soil conditions

30 -34 0.40 0.50

35-36 0.45 0.60

37 -39 0.50 0.70

40 - 44 0.55 0.75

>45 0.65 0.80

7.3 Vertical-eccentric loading

Analysis of the cases under vertical-eccentric loading revealed that a clear unique correlation between the
bearing capacity bias and the soil’s friction angle as in case of vertical-centric loading does not exist (see
Figure 13). Derivation of resistance factors depending on the soil friction angle assuming a lognormal
distribution of the bias lead to values around 1.0 and are far greater than the values presented in Table 8.
This is not consistent as the uncertainties involved with vertical-eccentric loading should not be less than
those with vertical-centric loading. Further analysis indicated that the footing size affects the bearing ca-
pacity bias, too, but with the available data it was not possible to isolate the effects of the footing size
from the effect of the soil friction angle. Thus, it seems to be justified and appropriate to extend the data-
set for vertical-eccentric loading by the dataset for vertical-centric loading for deriving the resistance fac-
tors because (i) when the source of the lateral load is not permanent, the foundation supports vertical-
centric loading in some situations, and (ii) very often the magnitude of the lateral load and with that the
eccentricity is not known in the design phase of the bridge foundation.
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Figure 13. Bias of the bearing capacity prediction versus soil friction angle for footings under vertical-eccentric loading (seven
cases for ¢; = 35° have been ignored as outliers for obtaining the best fit line)

As a result of the above, the same resistance factors used for vertical-centric loading and presented in Ta-
ble 8 are recommended for vertical-eccentric loading, too. These are verified by resistance factors ob-
tained on the basis of Figure 13 with a constant mean bias of 1.60 for friction angles between 40° and 46°
and a COV for natural and controlled soil conditions of 0.35 and 0.30, respectively:

Natural soil conditions, for all ¢r: ¢ = 0.65 (from MCS: ¢ = 0.687)
Controlled soil conditions, for all ¢z ¢ =0.75 (from MCS: ¢ =0.796)
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7.4 Inclined-centric loading

For footings under inclined-centric loading no clear trend of the bias associated to the load inclination and
the orientation of the horizontal load or the footing size exists. Thus, the resistance factors again have
been obtained based on the variation of the bearing capacity bias on the soil friction angle:

Ape =1.25+0.0041- ¢; (16)

Eq. (16) has been derived as a best-fit line from an evaluation of the bearing capacity bias versus the soil
friction angle. A COV of 0.35 has been adopted for controlled soil conditions and a COV of 0.40 for
natural soil conditions. The resistance factors resulting from the MCS calculations needed to be adjusted
to guarantee a safe design. Table 9 summarizes the finally recommended resistance factors.

Table 9. Recommended resistance factors for inclined-centric loading

Soil friction angle [°] Recommended resistance factor ¢ (Br = 3)
natural soil conditions controlled soil conditions

30 -34 0.40 0.40

35-36 0.40 0.40

37 -39 0.40 0.45

40— 44 0.45 0.50

>45 0.50 0.55

7.5 Inclined-eccentric loading

Due to the limited available datasets resistance factors for inclined-eccentric loading can only be given as
guidance. For a positive loading eccentricity as indicated in Figure 10 (bottom) the probabilistic analysis
results in a resistance factor of ¢ = 0.55 for all eight investigated cases with 44.5° < ¢¢ < 45°. For a nega-
tive loading eccentricity according to Figure 10 (top) the analysis lead to a resistance factor of ¢ = 0.85
for all seven cases with 44.5° < ¢¢ < 45°. On this basis the resistance factors presented in Table 10 are
recommended.

Table 10. Recommended resistance factors for inclined-eccentric loading

Soil friction angle [°] Recommended resistance factor ¢ (Bt = 3)

natural soil conditions controlled soil conditions
positive negative  positive  negative

30-34 0.35 0.65 0.40 0.70
35-36 0.35 0.70 0.40 0.70
37-39 0.40 0.70 0.45 0.75
40 - 44 0.40 0.75 0.50 0.80
245 0.45 0.75 0.50 0.80

& CONCLUSIONS

The resistance factors recommended in this research are soundly based on the quantified uncertainties of
the design methods and follow the parameters that control them. These parameters present a radical
change to the existing design specifications for bridge foundations as the bearing capacity of shallow
foundations on granular soils is calibrated according to the soil placement (natural vs. controlled condi-
tions) and the magnitude of the angle of internal friction. Further, all possible loading conditions were ca-
librated, namely vertical-centric, vertical-eccentric, inclined-centric and inclined-eccentric.

The implementation of the developed LRFD procedure is expected to provide a safe design of shallow
foundations with a consistent level of reliability for the different design conditions.

The application of these findings in the design of shallow foundations needs, however, to be imple-
mented in the context of a total design including all limit states, especially the serviceability limit state.

63



ACKNOWLEDGEMENTS

The material presented in this paper is based on a research supported by the National Cooperative High-
way Research Program (NCHRP) project 24-31 under a contract with Geosciences Testing and Research
Inc. (GTR). NCHRP Report 651 provides a summary of the study. The participants and contributors in
this research are greatly acknowledged, specifically Dr. Shailendra Amatya and Mr. Robert Muganga
working at the UML Geotechnical Engineering Research Laboratory, Dr. Aloys Kisse working at the
University of Duisburg — Essen, and Ms. Mary Canniff of Geosciences Testing and Research. Also are
acknowledged Ms. Yu Fu and Mr. Jenia Nemirovsky who participated in the initial establishment of
UML-GTR ShalFound07 database working at the Geotechnical Engineering Research Laboratory of the
University of Massachusetts Lowell.

REFERENCES

AASHTO 2007. LRFD Bridge Design Specifications Section 10: Foundations, American Association of State Highway &
Transportation Officials, Washington, DC.

AASHTO 2008. LRFD Bridge Design Specifications Section 10: Foundations, American Association of State Highway &

Transportation Officials, Washington, DC.

Brinch Hansen, J. 1970. A Revised and Extend Formula for Bearing Capacity, Akademiet for de Tekniske Videnskaber, Geo-
teknisk Institut, Bullentin No.28, Copenhagen, pp.5-11.

De Beer, E.E. 1967 Proefondervindelijke bijdrage tot de studie van het gransdragvermogen van zand onder funderingen op
staal; Bepaling von der vormfactor sb, Annales des Travaux Plublics de Belgique, 68, No.6, pp.481-506; 69, No.1, pp.41-
88; No.4, pp.321-360; No.5, pp.395-442; No.6, pp.495-522.

DIN EN 1997-1 2009. Entwurf, Berechnung und Bemessung in der Geotechnik — Teil 1: Allgemeine Regeln. , German versi-
on of EN 1997-1:2004. Normenausschuss Bauwesen im Deutschen Institut fiir Normung. Beuth Verlag, Berlin.

Gottardi, G. 1992. Modellazione del comportamento di fondazoni superficiali su sabbia soggette a diverse condizioni di cari-
co, Dottorato di ricerca in ingegneria geotecnica, Instituto di Costruzioni Marittime e di Geotecnica, Universita di Padova

Nowak, A. 1999. NCHRP Report 368: Calibration of LRFD Bridge Design Code. National Cooperative Highway Research
Program, TRB, Washington, DC.

Kimmerling, R.E. 2002. Geotechnical Engineering Circular No. 6 Shallow Foundations, FHWA Report no. FHWA-IF-02-
054, Washington, DC, 310pp.

Kulhawy, F. and Mayne, P. 1990. Manual on Estimation of Soil Properties for Foundation Design, Report EPRI-EL-6800,
Electric Power Research Institute, Palo Alto, CA

Lesny, K. 2001. Entwicklung eines konsistenten Versagensmodells zum Nachweis der Standsicherheit flachgegruendeter Fun-
damente. Mitteilungen aus dem Fachgebiet Grundbau und Bodenmechanik der Universitit Essen, Heft 27, Hrsg.: Prof.
Dr.-Ing. W. Richwien, Verlag Glueckauf, Essen, in German.

Montrasio, L. 1994. Un Metodo per il calcolo die cedimenti di fondazioni su sabbia soggette a carichi eccentrici e inclinati,
Dottorato di ricerca in Ingegneria Geotecnica, Universita di Milano (in Italian).

NAVFAC. 1986. Foundation and Earth Structures, Design Manual DM7.02, Naval Facilities Engineering Command, Alexan-
dria, Virginia

Paikowsky, S.G. with contributions by Birgission G., McVay M., Nguyen T., Kuo C., Baecher G., Ayyub B., Stenerson K.,
O'™ally K., Chernauskas L., and O'Neill M. 2004. NCHRP Report 507 Load and Resistance Factor Design (LRFD) for
Deep Foundations, National Cooperative Highway Research Program report for Project NCHRP 24-17, TRB, Washington,
DC, 2004, pp. 134 (not including Appendices), http://onlinepubs.trb.org/onlinepubs/nchrp/nchrp_rpt 507.pdf

Paikowsky, S.G., Lesny, K., Amatya, S., Kisse, A., Muganga, R. and Canniff, M. 2010. NCHRP Report 651 LRFD Design
and Construction of Shallow Foundations for Highway Bridge Structures, National Cooperative Highway Research Pro-
gram Report for Project NCHRP 24-31, TRB, Washington, DC, June 2010, pp. 139 excluding appendices.
http://onlinepubs.trb.org/onlinepubs/nchrp/nchrp _rpt 651.pdf

Paikowsky, S.G., Player, C.M. and Connors, P.J. 1995. A dual interface apparatus for testing unrestricted friction of soil along
solid surfaces, Geotechnical Testing Journals, GTJODJ, Vol.18(2), pp.168-193

Perau, E. 1995. Ein systematischer Ansatz zur Berechnung des Grundbruchwiderstands von Fundamenten. Mitteilungen aus
dem Fachgebiet Grundbau und Bodenmechanik der Universitit Essen, Heft 19, Hrsg.: Prof. Dr.-Ing. W. Richwien, Essen:
Gliickauf-Verlag

Prandtl, L. 1921. Ueber die Eindringfestigkeit (Haerte) plastischer Baustoffe und die Festigkeit von Schneiden. Zeitschrift fiir
angewandte Mathematik und Mechanik 1, Band 1, pp.15-20.

Reissner, H. 1924. Zum Erddruckproblem, Proc., 1st Int. Congress of Applied Mechanics, Delft, pp.295-311.

Teixeira, A., Gomes Correia, A., Honjo, Y., and Henriques, A. 2011. Reliability analysis of a pile foundation in a residual
soil: contribution of the uncertainties involved and partial factors, to be published in the 3" Intl. Symposium on Geotechni-
cal Safety and Risk (ISGSR2011), 2-3, June, Munich, Germany.

Vesié, A. 1963 Bearing capacity of deep foundations in sand, Highway Research Record, 39, National Academy of Sciences,
National Research Council, pp.112-153

64



Vesi¢, A. 1975. Bearing Capacity of Shallow Foundations, Foundation Engineering Handbook (eds. H.F. Winterkorn and
H.Y. Fang), Van Nostrand Reinhold, New York, pp.121-147.

Weil}, K. 1978. 50 Jahre Deutsche Forschungsgesellschaft fiir Bodenmechanik (Degebo). Mitteilungen der Deutschen For-
schungsgesellschaft fiir Bodenmechanik (Degebo) an der Technischen Universitéit Berlin, Heft 33.

65



66



ISGSR 2011 - Vogt, Schuppener, Straub & Brdu (eds) - © 2011 Bundesanstalt fiir Wasserbau ISBN 978-3-939230-01-4

Safety Standards of Flood Defenses

J.K. Vrijling
Delft University of Technology, Delft, The Netherlands

T. Schweckendiek
Delft University of Technology & Deltares, Delft, The Netherlands

W. Kanning
Delft University of Technology, Delft, the Netherlands

ABSTRACT: Current design codes like the Eurocode use safety or reliability classes to assign target reli-
abilities to different types of structures or structural members according to the potential consequences of
failure. That, in essence, is a risk-based criterion. A wide range of structures is designed with such
codes, and distinction is made between reliability classes. These reliability classes are not necessarily
well suited for flood defense systems, neither are the design rules and partial safety factors, which are
calibrated for a wide range of standard applications. For a flood defense system protecting a large area
from flooding, on the other hand, it is worthwhile to base the design and safety assessment standards on a
risk assessment - a tailor-made solution. The investments can be considerable and the stakes are high, es-
pecially for low-lying delta areas, where the consequences of flooding can be devastating. In order to an-
swer the question “How safe is safe enough?” a framework for acceptable risk is required. Subsequently,
from acceptable risk we can deduce target reliabilities for the protection system as a whole as well as for
its elements. For practical application, these target reliabilities can then be translated into design and as-
sessment rules; for example, using LRFD (load and resistance factor design) to derive partial safety fac-
tors.

This paper describes how to define safety standards for flood defenses, in particular dikes, step-by-
step. An important aspect in translating high-level requirements into specific (low-level) design rules that
apply to specific failure modes for specific flood protection elements is the so-called “length-effect”. This
is especially relevant for long-linear structures like dikes, where usually the length is much larger than the
scale of fluctuation of dominant load or resistance properties. The longer the structure, the higher the
chance to encounter either and extreme load or a weak spot (i.e., low resistance) — hence the word
“length-effect”. The effect is that the probability of failure increases with the length of the dike. The im-
plication for design and assessment rules is that the reliability requirements to a cross section (“zero
length”) need to be stricter (i.e., higher target reliability) than for the whole reach.

This paper attempts to demonstrate how tailor-made safety standards for large scale flood defense sys-
tems can be derived in a risk-based fashion. Since flood defenses differ from smaller scale geotechnical
structures in many aspects and given the volume of investments in such large-scale engineering systems,
it is very attractive to deviate from the standard design codes. That is not deviating conceptually, but
rather deriving safety factors for the specific application to better account for the characteristics and un-
certainties involved. The authors strive to show that safety levels and partial safety factors in the pre-
sented approach are far from arbitrary. They are part of an overall consistent flood risk framework, a
framework that provides a link between geotechnical engineers and other disciplines involved in provid-
ing safety from flooding.

Keywords: flood defenses, acceptable risk, uncertainties, probability of failure, length-effect, LRFD

1 INTRODUCTION

Current design codes like Eurocode use safety or reliability classes to assign target reliabilities to differ-
ent types of structures or structural members according to the potential consequences of failure. That, in
essence, is a risk-based criterion. Also the design life plays a role in assigning target reliabilities. Due to
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the wide range of structures design with such codes, a differentiation with, for example, three reliability
classes makes sense. Because it is not (yet) realistic to design each structure using risk-assessment tech-
niques. For a flood defense system protecting a large area from flooding, on the other hand, it is worth-
while to base the design and safety assessment standards on a risk assessment. The investments can be
considerable and the stakes are high, especially for low-lying delta areas, where the consequences of
flooding can be devastating. Therefore, tailor-made solutions become much more attractive.

The basic underlying question is “How safe is safe enough?”. In order to answer that question a frame-
work for acceptable risk is required. Having established acceptable risk we can deduce a target reliabil-
ities for the protection system as well as for its elements. For practical application, these target reliabil-
ities can then be translated into design and assessment rules; for example, using LRFD (load and
resistance factor design) to derive partial safety factors.

This paper describes how to define safety standards for flood defenses, in particular dikes, step-by-
step. The first step is to define what is socially acceptable. To this end, often is relied on fatality risk cri-
teria, the risk of individuals of dying due to flooding or the number of expected fatalities. Next, economic
considerations play a role, in which the cost of flood protection is weighed against the risk-reduction
achieved by improved protection. These criteria allow decision makers to decide on protection standards
in form of target reliabilities.

Such target reliabilities are high-level requirements in a sense that they are expressed in terms of the
acceptable probability of failure of the flood protection (sub)system under consideration. In order to en-
sure the protection level of the (sub)system its elements need to be designed with higher target reliabil-
ities. That is because typically flood defenses are linear defenses, in which failure of any element leads to
system failure; a dike breach anywhere leads to flooding. From a system reliability point of view, flood
defense system are serial systems where the probability of failure is dominated by the weakest links. In
fact, the same holds for the different failure mechanisms; any mechanism may cause failure of an element
(e.g., dike section).
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Figure 1. Schematic Overview of a Flood Defense System and its Elements

An important aspect in translating high-level requirements into specific (low-level) design rules that ap-
ply to specific failure modes for specific flood protection elements is the so-called “length-effect”. This is
especially relevant for long-linear structures like dikes, where usually the length is much larger than the
scale of fluctuation of dominant load or resistance properties. The longer the structure, the higher the
chance to encounter either and extreme load or a weak spot (i.e., low resistance) — hence the word
“length-effect”. The effect is that the probability of failure increases with the length of the dike. The im-
plication for design and assessment rules is that the reliability requirements to a cross section (“zero
length”) need to be stricter (i.e., higher target reliability) than for the whole reach.
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The organization of this paper follows the top-down structure as described above, from high-level to low
level requirements. Section 2 addresses the acceptable risk criteria, followed by an inventory of the fail-
ure mechanisms considered in dike design in section 3, enriched by failure observations from New Or-
leans with Hurricane Katrina (2005). The length-effect is discussed and illustrated in section 4. Section 5
describes the steps from acceptable risk to design rules and partial safety factors. The paper finishes with
a discussion in section 6.

2 ACCEPTABLE FLOOD RISK

2.1 Acceptable Risk Framework

Protection of individuals and groups against natural and man-made hazards is a task of human civiliza-
tions. Historically, most protection efforts were realized after major disasters, the consequences still being
very much present in the collective memory. Modern risk-based approaches aim to enable preventive pro-
tection by identifying risks, before they manifest themselves as disasters. Risk is defined as the probabil-
ity of an (unwanted) event times the consequences involved. Expressing them (amongst others) in mone-
tary terms and fatalities is a means to enable weighing investments in prevention against the benefits of
risk reduction.

The estimation of the consequences of flooding is a central element in flood risk analysis and man-
agement. The totality of flood damage comprises casualties, material and economic damage as well as the
loss of or harm to immaterial values like works of art and amenity. However, for practical reasons the no-
tion of risk in a societal context is often reduced to the total number of casualties using a definition as:
"the relation between frequency and the number of people suffering from a specified level of harm in a
given population from the realization of specified hazards". If the specified level of harm is limited to loss
of life, the societal risk may be modeled by the frequency of exceedance curve of the number of deaths,
also called the FN-curve (see 2.3).

The consequence part of a risk can also be limited to the material damage expressed in monetary
terms. It should be noted however, that the reduction of the consequences either measure may not ade-
quately model the public's perception of the potential loss. The simplification clarifies the reasoning at the
cost of accuracy. Nevertheless, for practical tractability, three criteria are defined and used in the follow-
ing:

1 individual risk
2 group risk
3 economical risk

The first two are belong to the category of “loss of life” criteria, which are often considered as boundary
conditions providing minimum protection level. While individual risk refers to the probability of dying of
an individual person in a specific location, group risk refers to large numbers of fatalities in one event.
Economical risk refers to the direct and indirect economical consequences of a disaster, allowing for a di-
rect comparison of investments in and effects of prevention in monetary terms. Both, group risk and eco-
nomical risk are considered societal risk criteria, because they are usually applied (i.e., aggregated) on a
national scale.

2.2 Individual Risk

Individual risk is defined as the probability of an individual residing in a given area to die as a conse-
quence of flooding. This probability includes the nature of the hazard (i.e., probabilities of discharge, wa-
ter level, wind, waves etc.), the effectiveness of the flood protection system (e.g., probability of a dike
breach) and the conditional flood characteristics (e.g., water depth, flow velocity). Jonkman (2007) dis-
cusses loss of life related to flooding extensively. Individual risk is typically represented in risk maps; an
example is given in Figure 2.
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Figure 2. Individual Risk Central Holland, probability of dying to flooding [1/yr] (Jonkman, 2007)

Being able to determine individual risks with flood risk analysis, the question remains what is acceptable.
The same question plays a role for many other hazards, especially in external safety (e.g., transport and
storage of hazardous goods, chemical plants etc. An indicative figure for acceptable individual risk used

in many applications is 10 per year (e.g. Lerche et. al, 2006).

One method to determine such acceptance limits to using revealed preferences (Vrijling et. al, 1993).
That is done by analyzing accident statistics and differentiating between the activities during which per-
sons lost their lives. The fact, that the actual personal risk levels connected to various activities show sta-
tistical stability over the years and are approximately equal for the Western countries, indicates a consis-
tent pattern of preferences. The probability of losing one's life in normal daily activities such as driving a
car or working in a factory appears to be one or two orders of magnitude lower than the overall probabil-
ity of dying. Only a purely voluntary activity such as mountaineering entails a higher risk (Figure 3).
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Figure 3. Personal risks in Western countries, deduced from the statistics of causes of death and the number of participants per

activity (Vrijling et. al, 1993)

Apart from a slightly decreasing trend of the death risks presented, probably due to technical progress, it
seems appropriate to use revealed preferences as a basis for decisions with regard to the personally ac-

ceptable probability of an accident (failure) Py in the following way:
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where P,; denotes the probability of being killed in the event of an accident. In this expression the policy
factor f; varies with the degree of voluntariness with which an activity i is undertaken and with the bene-
fit perceived. It ranges from 100 in the case of complete freedom of choice like mountaineering to 0.01 in
case of an imposed risk without any perceived direct benefit (such a large range was already noted in
1969 by Starr). The latter is also applied as individual risk criterion for hazardous installation nears hous-
ing areas without any direct benefit to the inhabitants. A proposal for the choice of the value of the policy
factor f; as a function of voluntariness and benefit is given in the table below. For the flood defenses a -
value of 1.0 to 0.1 seems appropriate.

Table 1. The value of the policy factor B; as a function of voluntariness and benefit (Vrijling et. al, 1993)

policy factor J3; voluntariness direct benefit example

100 voluntary direct benefit mountaineering
10 voluntary direct benefit motor biking
1.0 neutral direct benefit car driving

0.1 involuntary some benefit factory

0.01 involuntary no benefit LPG-station

2.3 Group Risk

Another perspective on loss of life besides individual risk is the total number of people that would drown
in one flood event. Considering impact on society, single events with large numbers of fatalities (e.g., a
place crash with 200 casualties) are less acceptable than large numbers of accidents with small number of
fatalities (e.g., 100 car accidents with 2 casualties each). Thus, with group risk the so called risk-
averseness (Bernoulli, 1783) enters the assessment.

Since a flood-protected area can inundate due to breaches at various locations and in different scenar-
10s, an FN-curve is an appropriate way to represent this type of risk. As an example the FN-curve of the
Brielse polder area in the Netherlands is shown in Figure 4.
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Figure 4. FN-curve for Flooding of the Brielse Polder (NL)

An FN-curve plots the number of expected fatalities per flood scenario over its corresponding occurrence
probability. The FN-curve is the description of the current situation or a future scenario and, as for the in-
dividual risk, an acceptance criterion is needed. Jonkman (2007) discusses such criteria in detail.
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2.4 Economic Optimization

While the loss of life-related acceptance criteria discussed above aim to define minimum safety criteria,
from an economic point of view an optimal protection standard can be found by balancing the cost of pro-
tection against the benefit of risk reduction. In other words, the economically optimal probability of fail-
ure Py, 1s the one, for which the (marginal) investment / in a safer flood defense system is equals the
(marginal) benefit by the decreasing present value of the risk.

Il’lll'l(Q) = min(I(Pf,opt)+PV(Pf,opt D)) (2)

where Q is the total cost, PV the present value operator and D the total damage in case of flood defense
failure and subsequent flooding.

If (despite ethical objections) the value of a human life is rated at d, the amount of damage is increased
by Ps; N,d , where N, = number of casualties. A typical value chosen for d is the present value of the
net national product per inhabitant. The advantage of taking the possible loss of lives into account in eco-
nomic terms is that the safety measures are affordable in the context of the national income (see also Vri-
jling and Van Gelder, 2000).

Omitting the value of human life, the decision problem as formulated by the Delta Committee (van
Dantzig, 1953) is given below. The investment /(%) in the protective dike system is given as a function of
the crest level h by:
I(h)=1,+1,(h=hy) (3)
where [ is the initial cost (i.e., mobilization), /; is the marginal cost of raising the dike and 4, is the cur-
rent dike crest level. The probability of exceedance of the crest level of the dike is approximated by a
shifted exponential distribution:

b4

1-F(h)=e & 4)

where in this example the location parameter is A=1.96m and the scale parameter B=0.33m. The risk of
inundation in this simplified example is equal to the probability of exceedance of the dike crest times the
damage D in case of inundation.

(h=4)

Risk=e 5 -D (5)

Because the risk is present every year the present value of the risk over an infinite period has is given by
its present value.

PV (Risk) = e_(h:) 2 (6)
r

where 7 is the rate of interest. The total cost is the sum of the investment and the present value of the re-
maining risk that is accepted.

(h-4)

O =1, + L (h=ly)+e » 2 )

Differentiating the total cost with respect to the decision variable /# and equating the derivative to 0 gives
a rather elegant result.

(h=4)
—aQ(h)zll—le B D2:0 (8)
Oh B r
(hgp—A)
—2— [ Br
Pfﬁpt =e = 1D )

The last expression shows that the acceptable probability increases with the marginal cost of dike con-
struction, with the standard deviation of the storm surge level B and the rate of interest. It decreases with
the damage that will occur in case of an inundation.

The Delta Committee (van Dantzig, 1953) calculated an economically optimal probability of inunda-
tion for Central Holland in 1960 to be 8 10-6 per year (Figure 5).

72



Some approximate calculations performed by Dutch engineers in 2006 indicated a level of 107 per year
for New Orleans. The city was protected against a hurricane category 3 with a return period of 30 to 100
years. The present system that was resurrected after Katrina has the same safety level.
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Figure 5. Example Economic Optimization: Optimal Crest Level

The economic criterion presented above should be adopted as a basis for the "technical" input to the po-
litical decision process. All information of the risk assessment should be available in the political process.
It is emphasized that the decision remains a political one.

Another important remark is that in the historical approach the crest height of the dike was the main
resistance parameter, as illustrated here for sake of illustration. Nowadays, such analyses are carried out,
analyzing the cost to reach a certain protection level in terms of probability of failure; thus, including all
kinds of failure mechanisms in addition to overtopping. The most dominant mechanisms being of geo-
technical nature such as instability of the inner slope or piping.

2.5 Summary

For large engineering systems like flood defense systems it is worthwhile to determine taylor-made safety
standards instead of relying on rather coarse consequence and reliability classes as in the Eurocode or
other design codes. In order to establish appropriate target reliabilities, one needs to assess what risk is
acceptable. A practical approach to this problem is to look at loss-of-life risk criteria on the one hand and
at economical criteria on the other. For loss of life risks, individual risk is typically distinguished from
group risk. Both give indications of desirable minimum protection standards. Economically optimal pro-
tection, on the contrary, seeks to balance investments and benefits in terms of reduced flood risk monetiz-
ing the damage. In principle, the most stringent criterion is to be applied. In other words, the highest tar-
get reliability derived from the three criteria should be adopted as target reliability of the flood protection
system from a technical point of view.

The following two sections will deal with the failure mechanisms to be taken into account in designing
flood defenses and how the target reliability on system level can be translated into practicable design
rules for dikes.

3 FAILURE MODES AND LESSONS FROM NEW ORLEANS

While dikes in the field seem straight-forward engineered structures, their behavior can be complicated.
This section deals with the physical behavior of flood defenses, especially in terms of failure mecha-
nisms. The geotechnical aspects are very important due to the typically large uncertainties in ground con-
ditions. Both theory and practical observations are discussed.
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3.1 Failure modes of flood defense systems

Probabilistic design and safety assessment methods have raised the awareness, that the probability of ex-
ceedance of the design water level (or the reciprocal: the return period) is not an accurate predictor of the
probability of flooding. Traditionally, the crest height is determined by such design water levels and the
dike is designed according to design rules. However, other mechanisms, and certainly geotechnical ones
like slope failure of piping can result in sudden failure and are poorly accounted for in design frequency
approaches. More failure mechanisms than overtopping need to be accounted for, if the reliability target
refers to the probability of flooding rather than the probability of a certain load condition (see Figure 6).

As a single dike is only one element, the flood defense whole system should be considered (see Figure 1),
which is only as strong as its weakest link; hence, the importance of the geotechnical mechanisms and the

subsoil conditions.
5 .

;
$

Overflow Sliding outer slope " " Erosion first bank
Wave overtopping Micro-instability = Settlement
S e 7
Sliding inner slope Piping Drifting ice
s = 2
- 5 %
Shearing @ Erosion outer slope Collision

Figure 6. List of most important failure modes of dikes (TAW, 1998)

A similar list of failure mechanisms can be made for dunes and hydraulic structures, where other failure
mechanisms should be added to the list, for instance structural failure of sluice doors or the failure to
close movable elements.

3.2 Relative contribution of the failure mechanisms

The relative contribution of the different failure mechanism to the probability of system failure depends
on different factors:

e The nature of the load: River dikes are generally more vulnerable for overflow, whereas sea
dike are more vulnerable for overtopping. Piping and stability are time-dependent mechanisms
that are more susceptible for long lasting high waters (on rivers).

e The local geology: Areas with a high occurrence of sand layers are more vulnerable for piping
than areas consisting of mainly clays. Weak top layers increase the probability of sliding fail-
ure.

e The safety level: System designed for events with high safety standards tend to involve high
crest levels. While the probability of overtopping may be low, the large potential head differ-
ence increases the vulnerability with respect to geotechnical mechanisms like piping.

In terms of observed failures, overtopping used to be dominant in the Netherlands in the past, together
with ice-dams. Nowadays, strength related mechanisms are getting more attention and flood defense are
explicitly assessed for these mechanisms. Besides, the warming of river due to excess heat from factories
and power plants has minimized the risk of ice-dams.

3.3 Experiences from New Orleans

Hurricane Katrina caused one of the most catastrophic floods in recent history destroying large parts of
the Mexican Gulf and New Orleans in August 2005. Many valuable lessons can be learned from the event
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regarding flood defenses. The large amount of breaches exhibited most of the well-known failure mecha-
nism. For a more elaborate description of the breaches it is referred to Kanning et. al (2007). An overview
of the breach locations is shown in Figure 7. Generally, the breaches can be distinguished in three groups.
The first group (I) is on the east side of the city where the load on the system was much higher than the
design resistance. The second group (II) of failure is around the navigation channels where overtopped
flood walls failed. The third group of failure (III) occurred around dewatering channels where geotechni-
cal failure caused the centre part of the city to flood. A few interesting breaches are discussed below.

Lake Pontchartrain 4 * breachl

Figure 7. Overview failures in New Orleans

Figure 8 shows the failure of an earthen dike due to overtopping and overflow (area I). The water level in
the whole area was much higher than the dikes. The unprotected dike eroded away for over many kilome-
ters. Figure 9 show the geotechnical failure of a levee due to sliding in area IIl. The water level was be-
low the crest of the floodwall and below design conditions. The subsoil slid horizontally over a weak
layer, causing a large breach. Figure 10 shows the failure due to piping of a flood wall, again below the
crest and below design conditions. For more information is referred to Kanning et. al (2008). Both fail-
ures (both in area I1I) emphasize the importance of geotechnical sound designs.

Figure 11 shows the failure at transition between a wall and an earthen dike in area II. Both adjacent
dike and floodwall survived, only the transition failed. The vulnerability of transition could be observed
all over New Orleans. Even small objects as staircases caused increased erosion of the dikes.

pr.otected,‘_side

.

Figure 8. Overtopped leve i e Orlans Figure 9. Stability failure in New Orleans due to hurricane
(source: ILIT, 2006) Katrina (modified after ILIT, 2006)
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Figure 10. Piping failure in New Orleans Figure 11. Failure between gate structure and dike

Perhaps more important than the individual failures was the system behavior. Or as stated by IPET
(2006): “The System did not perform as a system: the hurricane protection in New Orleans and Southeast
Louisiana was a system in name only.” For many different reasons (e.g. funding structures, lack of fund-
ing etc.) the flood defense system could be regarded as a patchwork of defenses without clear coherence.
Examples are missing levee parts, many different levee heights and abrupt changes in heights, the use of
different reference datum. All these elements contributed to the total system performance. An interesting
additional observation on system level is that most infrastructures (roads, pump pipes) penetrate the de-
fense system (with gates to maintain the flood defense function). In contrast, in the Netherlands for ex-
ample, infrastructure goes over the dike to reduce the amount of potential vulnerable spots.

3.4 Summary

System reliability considerations as well as observations during flood events like Katrina show that dike
safety is much more than avoiding overtopping. Other failure mechanisms need to be considered, too.
Geotechnical failure mechanisms play a crucial role and can dominate the probability of failure due to the
large uncertainties associated with ground conditions. Hence, they need to be properly addressed in de-
sign and assessment rules of flood defenses.

4 SPATIAL VARIABILITY AND LENGTH EFFECT

4.1 What is the Length-Effect?

Section 2 on acceptable risk has provided a framework to derive an acceptable probability of system fail-
ure — the target reliability for the system as a whole. Section 3 has discussed the different mechanisms
contributing to the probability of system failure. However, the different failure mechanisms are usually
assessed at so-called representative cross sections, dike profiles of zero length. As mentioned, the so-
called /ength-effect should not be neglected in deriving safety targets for dike cross sections. It is defined
as the increase of the probability of failure with the increasing length of a dike reach. The two main fac-
tors determining the magnitude of the length effect are:
- The relative contribution of load and resistance: A high contribution of the resistance to the
total variance increases the length effect. This is because for flood defenses, load parameters
(e.g., river water level) tend to have much larger scales of fluctuation than resistance parame-
ters (e.g. soil properties) do.
- The spatial variability in the subsoil: the higher the spatial variability in the subsoil (e.g.,
shorter auto-correlation distances of ground properties), the higher the length effect.

4.2 Load vs. Resistance Uncertainty

Usually the probability of failure of a flood defense system is determined by evaluating the following
limit station function:

Z,=R -5, (10)
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Where R; is the resistance vector consisting of all relevant dike sections and failure mechanisms con-
tained in index i and S; is the load vector. Loads usually exhibit large correlation distances (e.g. water
levels in rivers). For load-dominated failure mechanisms (e.g. overflow), the probability of failure of a
dike reach is close to the probability of failure for a cross section. On the other hand, resistance-
dominated mechanisms exhibit significant length-effect, up to a ratio of 100 between the probability for a
dike reach and the probability for a cross section. The breaches New Orleans (see section 2) underpin that
large variability in ground conditions and resistance properties make the existence of weak spots likely.

4.3 Heterogeneity in Ground Conditions

The high resistance uncertainty of flood defenses is mainly caused by the high uncertainty in the subsoil
caused by a high spatial variability (heterogeneity) in the subsoil combined with the limited availability
of direct measurements. The spatial variability (of heterogeneity) can be subdivided into two classes (see
Figure 12):
1.  Continuous variability which is associated with continuous fluctuation of properties like layer
thickness, hydraulic conductivity or shear strength.
2. Discrete elements like old river beds that are filled with less resistant or highly permeable mate-
rials. When undetected, these “anomalies” can represent weak spots.

crest level (continous)

/WJT layer geometry

%‘ dike (e.g. layer dike

thickness:
continuous)

Figure 12. Continuous and discrete variability

4.4 Modeling Heterogeneity

Continuous variability can be modeled using random field theory (see e.g. Vanmarcke, 1977). Using this
theory, the soil properties are modeled with mean, variance and autocorrelation function. The autocorrela-
tion function describes how the correlation of a property between different locations decays with increas-
ing lag (distance between two points). Vrouwenvelder (2006) uses the following auto-correlation func-
tion:

sz

pA)=p +(1-p)-e © (11)

where p(4x) is the correlation between two point separated with distance 4x, p, is the lag-independent
correlation and d is the correlation distance of a parameter (see e.g. Vanmarcke, 1977)

Discrete variability is usually modeled using scenarios, see (Schweckendiek & Calle, 2010). Regional
geological knowledge and experience can be used to determine (prior) probabilities of weak spots.

4.5 Mathematical Treatment of the Length-Effect

Vanmarcke (1977) and Vrouwenvelder (2006) use the outcrossing approach to determine the probability
of exceedance of a threshold (here: the limit state Z=0) of length L using the mathematical properties of
the autocorrelation function. Assuming full spatial correlation of the loads, for a single resistance variable
R, this yields:
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By =0~ ) [HaR %] (12)

Where Ppgysiem 15 the probability of system failure, Siecion 15 the reliability index of a cross section, ag is
the importance factor of the resistance R, L is the considered length and d is again the scale of fluctuation
Note that a low ar corresponds to a low length effect, as mentioned in section 4.2

For a multi-dimensional problem (several resistance and/or load parameters), the length effect can be in-
corporated by using the equivalent mechanism length /., (see Calle, 2010):

L
P/',system = ])f,section [1 + l_] (13)
eq
N 27 1 (14)
IBsection \/_p "(O)
\ N 2a (I-p.,)
pl(0) = — (15)

i=1 ,‘

Where the subscript i refers to the different basic random variables. Finally the length effect factor for a
mechanism, 7, is given by:

P
Pt = 5 (16)

f ,section

The influence of the probability of weak spots (discrete elements) can be incorporated by using condi-
tional probability (Schweckendiek & Calle, 2010):

pf = Z pweakspot ’ pﬁzilure\weakspot + Z pf,sectioni (17)

The different failure probabilities of different dike reaches cannot just be summed as they are correlated.
For more information about combining correlated dike sections is referred to Vrouwenvelder (2006). It
must be noted that these theories are an extension of a two dimensional analysis into the third dimension.
Efforts are being done to extend these theories towards full heterogeneous and three dimensional models
(e.g. Fenton & Griffiths, 2003 and Hicks, 2005).

4.6 Example: Piping

In this example we consider the failure mechanism piping. In Figure 13 the length-effect factor 7. is
plotted over the length L of the dike part of the flood defense system. Different combinations of the im-
portance factor o and scale of fluctuation (d) are used. The case with g = 0.8 and d = 200m is represen-
tative for piping in typical Dutch ground conditions, see Lopez de la Cruz et. al (2010). It shows the
length-effect factor can be larger than 100 in extreme cases. The other combinations of oz and d illustrate
the sensitivity of the length effect.

78



600 -

— = =alfaR=0,7; d=500 m
500 |
O - = = .alfaR=0,8; d=500 m
S — — alfaR=0,1; d=2000 m
2 400 | 3
E alfaR=0,7; d=100 m -
c .
5 -
5 300 -
8 -~
£ 200 -
— B Pl
¢ -~
s - -
o ~ P -
S - P
S 100 | . s

0 5000 10000 15000 20000 25000 30000
Dike ring length (m)

Figure 13. Length-effect factor of piping ring for different examples

5 FROM TARGET RELIABILITY TO PARTIAL SAFETY FACTORS

So far, we treated acceptable risk and made and inventory of what needs to be accounted for in terms of
failure mechanisms and length-effect. This section shows how partial safety factors in design and assess-
ment rules can be deduced from high-level requirements like acceptable probabilities of failure on system
level.

5.1 System Definition

In section 2, the issue of acceptable flood risk was discussed without specifying the geographic extent or
system that should be contemplated, when analyzing the likelihood and consequences of flooding. Purely
in a theoretical sense, one would choose an independent system, for example a whole river basin, where
there is no interaction with flood risk measures outside the chosen boundaries (Schweckendiek et. al,
2008). From a practical point of view, one rather works on a smaller scale. Hydraulic structures and dike
sections with a similar flood pattern in case of failure and, therefore, similar consequences can be
grouped and defined as the system to work with. N.B. legal aspects frequently impose boundary condi-
tions, too, for example where flood defenses cross national or state boundaries. Regarding the acceptance
criteria, the economical optimization only involves the risk contribution of a chosen (sub)system, while
the criteria for social acceptability still need to be applied on the scale they were derived for. That means
that for the location-specific individual risk one needs to consider the contributions of all sub-systems to
the probability of dying in a certain spot. For group risk usually even all contributions on national or state
scale need to be considered.

Figure 14. Fictitious Dike Ring in The Netherlands
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For sake of illustration, in the remainder of this section, we will consider a fictitious example from the
Netherlands. A so-called dike ring (polder surrounded by flood defenses and/or high grounds) exhibits
very similar consequences regardless of the location of the failing dike or hydraulic structure. In fact, this
is rather realistic for low-lying delta areas.

5.2 Sub-System Requirements

This section deals with the requirements in terms of reliability; their derivation from risk is out of the
scope of this paper. The highest level requirement is the acceptable probability of failure of the (sub )sys-
tem: P, fadm,sys -

5.3 Dikes and Hydraulic Structures

The first step is to distribute the acceptable probability of failure over the structures in the dike ring:

Pf,'adm,sys :Pf,'adm,dike + ZP/,'adm,other,i (18)

where Pjaam.aike 15 the acceptable probability of failure of any dike section in the system and Pragm,osher.i 1
the acceptable probability of failure of any other structure in the system. Since the geotechnical aspects
are of most interest here, the remainder of this section is restricted to the dikes.

Note that implicitly the assumption was made that the probabilities of failure of the elements are inde-
pendent. In reality, there is often a positive correlation mainly due to the rather large spatial correlation of
the loads. For example, long dike reaches in riverine areas experience very similar loadings, in coastal ar-
eas similar wave conditions. This assumption is conservative, which seems reasonable in this standardiza-
tion procedure.

5.4 Failure Mechanisms

The second step is to establish acceptable probabilities of failure per mechanism P i, gike,mech,i :

ijadm,dike = ijfadm,dike,mech,i = Pf,adm,dike,over + Pf,adm,dike,inst + Pf,adm,dike,pip + .. (19)

where Proam,dike,over 18 the acceptable probability of failure due to overtopping, Pradm,dike,inst due to instabil-
ity of the inner slope and P yim,gike,pip due to piping etc..

In principle, the Pruam,dikemech,; €an be chosen in an economically optimal way. Mechanisms, for which
high reliability target are inexpensive to realize should “occupy” less of the acceptable probability than
mechanisms requiring relatively costly safety measures. In the Netherlands, such (historically rather
qualitative) considerations suggest a (target) distribution as summarized in Table 2.

Table 2. Distribution of Pfagm aike OVer mechanisms

Failure me(:hanism é‘: Pﬁadm,dike,mech,i /Pf,adm,dike
Overtopping 90%

Piping 3%

Instability 3%

Other ~1%

Note that in the considerations regarding efficient distributions also interaction between design parame-
ters for different failure mechanisms plays a role. For example, a dike that needs to be high for overtop-
ping and that has a gentle slopes for slope stability automatically has quite some seepage length, which is
the main resistance parameter for piping. Also, in deriving new standards, the current conditions of the
flood defense system under consideration (i.e., starting point) have an influence on what is optimal.

5.5 Dike Sections (Accounting for the Length-Effect)

Praam,dikemecni 18 the acceptable probability of failure per mechanism for all the dike sections in the
(sub)system. However, designs and safety assessments are usually made for dike sections a few hundred
meters or several kilometers long, with rather homogeneous properties (both, loading and resistance). As
discussed in section 4, the length-effect plays an important role in this step. The essence is that the longer
the dike with respect to the scale of fluctuation, most importantly of the resistance, the higher the prob-
ability of failure. For deriving requirements this implies that the acceptable probability of failure per
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mechanism for a dike section (or a cross section that is representative for a dike section) Pruam,dsmech,i
needs to be smaller than for all dikes in the considered reach:

Pf,adm,ds,mech,i = Pf,adm,dike,mech / Nimech (20)

The length-effect factor 7, 1s typically about 2 to 10 for load-dominated mechanisms like overtopping,
and can be in the order of magnitude of 100 for resistance dominated mechanisms like piping.

5.6 Partial Safety Factors

Pfadmdsmech,i 18 the (low-level) target reliability Br.q, to which design and safety assessment rules apply
and for which partial safety factors are derived.

Breq,mech =-0 (P f,adm,ds,mech,i) (2 1)

A common approach is to use level-I reliability theory with standardized importance factors (Table 3).
For a lognormal-distributed resistance variable, the partial safety factor is determined by:

yo :exp(—(1.65—aRﬂ) ln(1+VR2)) (22)
where V, =0,/ 1, , [ is the target reliability index and ¢, is the importance factor of the resistance.

Table 3. Standardized Importance Factors for LRFD

Parameter a

dominant load parameter 0.80
other load parameters 0.28
dominant strength parameter 0.70
other strength parameters 0.32

Figure 15 shows the dependence of the partial resistance factor of the target reliability index, the impor-
tance factor and the uncertainty in the (overall) resistance (here expressed in terms of the coefficient of
variation V) with typical values for a resistance dominated failure mechanism like piping.

\ \ \
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V_R=0.2, alpha_R=0.7
— - —V_R=0.3, alpha_R=0.9
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1.80 ‘ /
1.60
1.40 _— p——

1.20 /T"’-’
1.00 £ |

2.20 +—

YR

Figure 15. Relation of Partial resistance Factor and Target Reliability Index

Recently, Lopez de la Cruz et. al (2011) reported on a code calibration exercise for the failure mechanism
piping in the Netherlands where a slightly different, more detailed approach was adopted. Instead of using
standardized importance factors, the authors analyzed the performance for different values of the partial
resistance factor in terms of resulting reliability indices. Furthermore, they established a reliability-
dependent partial safety factor (see Figure 16) that can be used flexibly depending on the target reliability
in a given area or (sub-system).
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Figure 16. Partial Resistance Factor v, vs. Reliability Index B for Piping according to Lopez de la Cruz et. al (2011)

5.7 Overview / Example

Figure 17 gives an overview of the steps described above for the different mechanisms, including a realis-
tic numerical example. Note that, so far, only the treatment of resistance uncertainties has been treated.
For the definition of design loads often an exceedance probability of the load combination is defined by:

F = P(§>Sp) = WI- @ (=0is.eq) (23)
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Steps from high-level to low-level Requirements with a numerical example
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Note that the difference between target the acceptable probability of failure on system and on mechanism
level for a cross section can easily be a factor 1000 depending on the way it is dealt with different mecha-
nisms and length effects.

5.8 Alternative approaches

The approach described so far is based on pragmatic choices. It is emphasized that there are numerous al-
ternatives to the approach and also within the described framework. On example is to change the order of
the distribution of the admissible probability of failure: go from system level to structures and dike sec-
tions first, then to the mechanisms. There are advantages and disadvantages that have mainly to do with
the envisaged use of the rules in practice.

Furthermore, there are many possibilities for optimization. For example, correlations between mecha-
nisms or structures can be taken into account in deriving the specific requirements from the high-level re-
quirements.

Another obvious opportunity for improvement with large impact potential is the application of reliabil-
ity analysis or reliability-based design (RBD), which can reduce the implicit conservatism in level-1 ap-
proaches by better accounting for the uncertainties in specific conditions.

6 DISCUSSION

This paper attempts to demonstrate how tailor-made safety standards for large scale flood defense sys-
tems can be derived in a risk-based fashion. Since flood defenses differ from smaller scale geotechnical
structures in many aspects and given the volume of investments in such large-scale engineering systems,
it is very attractive to deviate from the standard design codes. That is not deviating conceptually, but
rather deriving safety factors for the specific application to better account for the characteristics and un-
certainties involved. The authors strive to show that safety levels and partial safety factors in the pre-
sented approach are far from arbitrary. They are part of an overall consistent flood risk framework, a
framework that provides a link between geotechnical engineers and other disciplines involved in provid-
ing safety from flooding.
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ABSTRACT: The objective of this paper is to investigate the degree of deviation from the target reliabil-
ity index produced when LRFD/MRFD equations are applied to a database of forty-two actual drilled
shafts installed in soil profiles underlying the city of Taipei, which contain clay, sand, gravel and rock
layers or some partial combination thereof. In general, for soil profiles with multiple layers, conventional
formats containing resistance and load factors are unable to achieve the prescribed target reliability index
with the same consistency as that reported for homogeneous soil profiles. For the drilled shaft examples
considered in this study, the direct application of quantiles in the RBD equation (uniform quantile — 1 ap-
proach), rather than converting the quantiles to conventional resistance and load factors (uniform quantile
— standard approach), appears to deliver the most consistent and most robust performance. There is a
practical drawback associated with the application of the uniform quantile — n approach. The engineer is
required to perform Monte Carlo simulation to estimate the n quantile of lumped random variables such
as the total side resistance. This drawback is not present if the uniform quantile — n approach is applied to
appropriate parameters where the probability distribution is known analytically or empirically.

Keywords: drilled shafts, axial compression, LRFD, MRFD, reliability code calibration, FORM design
point method, uniform quantile method, calibration domain

1 INTRODUCTION

The objective of reliability-based design (RBD) is to adjust a set of design parameters such that a pre-
scribed target probability of failure is achieved or at least not exceeded. For example, the depth of a
drilled shaft is a practical design parameter that can be adjusted readily. In principle, it is possible to ad-
just the shaft diameter but it is less practical to constantly change the diameter of a rotary auger within a
single site. These practical considerations apply to the current working stress design (WSD) method. In
fact, from a mechanical calculation perspective, there is no difference between RBD and WSD. The for-
mer considers a design to be satisfactory if a target probability of failure, say one in a thousand, is
achieved. The latter considers a design to be satisfactory if a target global factor of safety, say three, is
achieved. The substantive advantage of using the probability of failure (or an equivalent reliability index)
in place of the global factor of safety has been discussed elsewhere (Phoon et al. 2003a).

Using the classical example of a drilled shaft under axial compression, the objective of RBD can be
stated formally as follows:

Prob(Q<L)<pr (1)

in which Q = shaft capacity, L = axial load, and pr = target probability of failure. EN1990:2002 (British
Standards Institute, 2002) prescribes pr = 7.2 x 10 (or reliability index, p = 3.8) for a reliability class 2
(RC2) structure (ultimate limit state). Note that it is straightforward to convert 3 to pr and vice-versa us-
ing the following convenient EXCEL functions: pr = NORMSDIST(-B) and B = NORMSINV(1-pr). It is
worthy to observe in passing that Q and L are typically modeled as independent lognormal variables in a
number of geotechnical RBD code calibration exercises. This assumption is largely a matter of computa-
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tional convenience because the left hand side of Eq. (1) can be evaluated in closed-form using the follow-
ing classical lognormal formula:

i g/ 01)/1+65) |

Jinja+62)1+63)]

(2)

in which pq, pr = mean shaft capacity and mean axial load, respectively and 6q, 0, = coefficient of varia-
tion of shaft capacity and coefficient of variation of axial load, respectively. This lumped capacity as-
sumption is convenient from a reliability calculation perspective, but it is rarely emphasized that it could
be inconvenient from a physics perspective. The shaft capacity is typically related to side resistance and
tip resistance. These resistances are related to geotechnical parameters that can be measured in the labora-
tory or in the field for obvious practical reasons. The statistics of these geotechnical parameters can be es-
timated directly from the measured data. Based on this physics perspective, the shaft capacity is a func-
tion of more basic random variables (geotechnical parameters). This function is generally nonlinear and
the statistics of Q can only be estimated using Monte Carlo simulation. More fundamentally, Q is not a
lognormal random variable even if all basic random variables are lognormally distributed and Eq. (2) is
no longer valid. It could be argued that there are insufficient data to decide which approach is more cor-
rect. Nevertheless, it is the position of the authors that one should conform with the best physical model
available to date, assign the simplest probability models consistent with measured laboratory/field data
and known physical bounds, and live with the resulting complexity in reliability calculations. In short, a
physics-centered approach is better than a reliability-centered approach.

For geotechnical problems where simple models are adequate, which is indeed the case for shaft ca-
pacity, it is relatively simple to evaluate the left hand side of Eq. (2) using Monte Carlo simulation. More
complex problems requiring numerical solution models such as FEM can also be analyzed probabilisti-
cally using Monte Carlo simulation, but the computational cost is onerous for common PC platforms.
Monte Carlo simulation is a completely general technique. The main disadvantage is tedium, because tens
of thousands of design checks (i.e. Q < L?) are needed. In contrast, WSD only requires a single check per
trial design. There are clever mathematical short-cuts such as the First-Order Reliability Method (FORM)
that can reduce tens of thousands of design checks to less than ten design checks at the cost of loss of
generality, more complex calculation steps, and occasionally hard-to-detect erroneous solutions. An al-
ternate method called subset simulation (Au & Beck 2001) is gaining popularity, because it is almost as
general as Monte Carlo simulation, but requires only about two thousands design checks to achieve a rea-
sonably accurate estimate of the probability of failure. It is accurate to say that very few practitioners are
comfortable to perform reliability analysis beyond Monte Carlo simulation which is physically appealing
and requires very limited knowledge of probability theory as long as random number generators are avail-
able (it is available under “Data Analysis” > “Random Number Generation” in EXCEL). In fact, most
practitioners do not find it worthwhile to perform Monte Carlo simulation even when it is available in
commercial geotechnical softwares.

Simplified RBD equations in the form of Load and Resistance Factor Design (LRFD), Multiple Resis-
tance Factor Design (MRFD), and partial factor approach (PFA) are popular because practitioners can
comply with Eq. (1), albeit approximately, while retaining the simplicity of performing one check per
trial design. To the authors’ knowledge, this simplified RBD approach is adopted in all geotechnical RBD
codes to date. The practical challenge is to calibrate a set of resistance factors or soil partial factors that
would produce designs that comply with Eq. (1) approximately over a range of representative design sce-
narios. Needless to say, one would prefer the smallest possible set of factors (generating a humungous list
like a phonebook would be impractical) covering the widest possible design scenarios that would produce
the least deviation from the target reliability index. Phoon et al. (2003a) explicitly recognized this chal-
lenge and proposed the following RBD calibration approach to balance pragmatism and compliance with
Eq. (1):

1. Perform a parametric study on the variation of the reliability level with respect to each determinis-
tic and statistical parameter in the design problem. Examples of deterministic parameters that con-
trol the design of foundations include the diameter (width) and depth to diameter (width) ratio.
Examples of statistical parameters for foundations loaded under undrained conditions include the
mean and coefficient of variation (COV) of the undrained shear strength.
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. Partition the parameter space into several smaller domains. An example of a simple parameter

space is shown in Fig. 1. The reason for partitioning is to achieve greater uniformity in reliability
over the full range of deterministic and statistical parameters. For those parameters identified in
Step (1) as having a significant influence on the reliability level, the size of the partition clearly
should be smaller. In addition, partitioning ideally should conform to existing geotechnical con-
ventions.

. Select a set of representative points from each domain. Note that each point in the parameter space

denotes a specific set of parameter values (Fig. 1). Ideally, the set of representative points should
capture the full range of variation in the reliability level over the whole domain.

. Determine an acceptable foundation design for each point and evaluate the reliability levels in the

designs. Foundation design is performed using the set of parameter values associated with each
point, along with a simplified RBD format and a set of trial resistance factors. The reliability of
the resulting foundation design then is evaluated using Monte Carlo simulation, FORM, or other
algorithms.

. Quantify the deviations of the reliability levels from a prescribed target reliability index, Br. The

following simple objective function can be used:
n

Hu 20579 = 2 (Bi - Br)’ 3)
i=1

in which H(:) = objective function to be minimized, A; = partial/resistance factors that are being
calibrated, n = number of points in the calibration domain, and p; = reliability index for the i point
in the domain.

. Adjust the resistance factors and repeat Steps (4) and (5) until the objective function is minimized.

The set of partial/resistance factors that minimizes the objective function (H) is the most desirable
because the degree of uniformity in the reliability levels of all the designs in the domain is maxi-
mized. The following measure can be used to quantify the degree of uniformity that has been
achieved:

AB=~Hn )

in which AP = average deviation from the target reliability index in the calibration domain.

7. Repeat Steps (3) to (6) for the other domains.

Comparable calibration methods have been adopted elsewhere (e.g., CIRIA 1977, Ellingwood et al. 1980,
Moses and Larrabee 1988). The effectiveness of applying these simplified RBD equations to more realis-
tic ground conditions containing multiple strata has not been studied, despite its obvious practical impor-
tance. The objective of this paper is to investigate the degree of deviation from the target reliability index
produced when LRFD/MRFD equations are applied to a database of forty-two actual drilled shafts in-
stalled in the city of Taipei. The effect of the RBD calibration method (design point method, quantile-
based method) and number of calibration points are also studied.
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Figure 1. Partitioning of parameter space for calibration of resistance factors.
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2 DRILLED SHAFT DATABASE

2.1 Overview of database

Table 1 summarizes the basic shaft and geotechnical information for forty-two drilled shafts installed in
the city of Taipei. The shaft diameter, B, varies between 0.8 m and 2.5 m with an average of 1.24 m. The
shaft length, D, varies between 20.7 m and 76 m with an average of 48.8 m. The D/B ratio varies between
18.8 and 63.3 with an average of 40.3. The compression capacity interpreted using the slope-tangent
method varies between 6172 kN an 15372 kN with an average of 10772 kN. More details are reported
elsewhere (Ching et al. 2011).

Table 1. Basic shaft and geotechnical information for drilled shafts installed in the city of Taipei.

. Water Ta-
. . Diameter | Depth . .. Qsr* Quo*

Shaft No.|  Site Location B(m) | D(m) (bILe) D/B Soil Description (N) (N) Group
CT-02 Xinyi District 1.2 29.2 - 24.3 Silty clay over sandstone 6172 | 11237 CR
CT-04 | DalanDistrict | 2.0 | 375 - 185 | Mnterbededsilty clay andsilty sand 1} - | csG

over gravel
CT-05 Xinyi District 1.0 53.5 - 53.5 Silty clay over gravel & sandstone | 10069 | 13047 | CGR
CT-07 | Xinyi District 12 | 590 ; 49, | Interbededsilty clay andsilty sand | ;a0 | 7650 | ALL
over gravel & mudstone
CT-09 | Xinyi District 12 | 477 ; 39,8 | Interbededsilty clay andsilty sand | 559 | 17168 | CSR
over sandstone
CT-10 Zho.ngs.han 10 555 ) 555 Interbeded silty clay and silty sand 17040 | 21680 cs
District over gravel
CT-11 Beitou District 1.0 44.5 - 44.5 Silty clay over sandstone 6293 7456 CSR
CT-13 | Taipei County 12 | 430 ; 358 | Interbededsilty sandandsilty clay | 3335 | 17591 | c5G
over gravel

CT-14-1| Xinyi District 1.2 76.0 - 63.3 32226 | 35542 | ALL

CT-142| Xinyi District 1.5 66.0 § 44.0 36572 | 42948 | ALL

CT-14-3 Xlnyl Dlstrlct 1.5 65.0 - 433 Interbeded Sllty Clay and Sl]ty Sand 37769 46499 ALL

CT-14-4|  Xinyi District 1.5 56.0 - 373 over gravel & mudstone 25790 | 34266 | ALL

CT-14-5|  Xinyi District 1.2 59.0 - 492 26634 | 34835 | ALL

CT-14-6|  Xinyi District 2.5 70.3 § 28.1 66414 | 75213 | ALL
CT-15 |  Shilin District 10 | 290 ; 29 | Interbededsilty sand andsilty clay | 059 | 7650 | csr

over sandstone
CT-16 | Xinyi District 15 | 66.0 - 44 | Imterbededsilty clay and silty sand | ) 509, | 36336 | ALL
over gravel & mudstone
CT-17 | Da'an District 15 | 480 3.6 30 | Interbededsilty sandandsilty clay | 9403 | 55750 | csG
over gravel
CT-18 Zhongfgz?g Dis- 1.2 29.4 - 245 13214 | 16304 | CSR
CT-19 | Xinyi District 12 | 590 - 49, | [mterbeded silty sand andsilty clay 7 o5 73 53 T g
- over sandstone
CT-20 Zh"“gfr};i?g Dis- |5 64.4 3.6 53.6 15127 | 17550 | CSR
CT-21 |  Xinyi District 12 | 520 - 433 | nterbededsilty clay and silty sand |- - | ALL
over gravel & mudstone
CT-22 | Xinyi District 1.2 54.0 - 45.0 ' ' - - CSG
CT-23 | Xinyi District 10 | 530 40 530 | nterbededsilty clay and silty sand = - | csr
over gravel or mudstone
CT-24 | Xinyi District 1.2 54.0 3.0 45.0 - - CSG
CT-25-1| Da'an District 15 | 452 55 30,1 | [nterbededsilty clay andsilty sand | g, 05 | 54550 | SR
over sandstone
CT-27 | Xinyi District 12 | 760 - 633 | Imterbededsilty clay andssilty sand | )0 | 39377 | App
over gravel & mudstone
CT-30 Zhongshan 1.0 475 - 475 9609 | 11644 | CSR
District
CT-31 Beitou District 1.0 46.6 - 46.6 | Interbeded silty clay and silty sand | 6253 | 7720 | ALL
CT-32 | Beitou District 10 | 314 - 31.4 over sandstone 5960 | 5690 | CSR
CT-33 | Shilin District 1.0 314 - 314 7173 | 7917 | CSR
CT-34-1 Zhongzheng Dis- 0.9 4.0 ) 467 Interbeded silty clay and silty sand 6355 7120 cs

trict

over gravel
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. Water Ta-
. . Diameter | Depth . _ Qst* | Quo*
Shaft No. Site Location ble D/B Soil Description QGrou
B(m) | D@m) | OO P kN) | (N) P
CT-35-1 Zh"“gﬁﬁ‘g Dis- |5 46.4 - 38.6 11903 | 13381 | CSG
CT-36-1 Zh"“gffii‘tlg Dis- 1 9 476 - 52.9 6642 | 7161 | CSG
CT-37-1| Taipei County 1.2 342 - 28.5 7808 | 8584 | CSG
CT-38-1| Taipei County 1.8 485 3.8 26.9 32227 | 40643 | CSG
CT-39-1 Songshan 18 | 495 0.2 275 | Interbededsilty sand and silty clay | 57,4 1 53514 | csG
District over gravel & clay layer
CT-40-1| Taipei County 0.8 29.1 6.0 36.4 7624 | 9584 | CS
CT-41 | Zhongshan District | 1.3 54.9 3.0 422 15733 | 18763 | CSG
T Interbeded silty sand and silty clay
CT-42 Zh"“gffii‘tlg Dis 12 | 474 - 39.5 over gravel 14056 | 17854 | CSG
CT-43 Zhongshan 1.0 46.2 0.2 46.2 11836 | 15629 | CSG
District
CT-44 | Beitou District 1.0 32.0 0.2 32.0 , 6523 | 7014 | CR
Silty clay over sandstone
CT-45 |  Shilin District 1.0 20.7 0.2 20.7 15372 | 20012 | CR

*Measured compression capacity from load test: Qs = capacity interpreted using the slope-tangent method, Qy, = capacity in-
terpreted using the L1-L.2 method.

It is useful to observe that common drilled shaft diameters are covered in the database. However, based
on D/B ratio, the database covers predominantly long friction shafts. More importantly, all the shafts are
installed in non-homogeneous layered soils. Based on the strata that provide the side resistances, the
shafts are classified into five groups: (a) Group ALL: the strata include clay, sand, gravel, and rock layers
(11 shafts); (b) Group CSR: the strata include clay, sand, and rock layers (11 shafts); (c¢) Group CSG: the
strata include clay, sand, and gravel layers (13 shafts); (d) Group CGR: the strata include clay, gravel,
and rock layers (1 shaft); (e) Group CR: the strata include clay and rock layers (3 shafts); and (f) Group
CS: the strata include clay and sand layers (3 shafts). It is apparent that this database covers a fairly com-
prehensive range of layered soil profiles.

2.2 Axial compression capacity and its associated uncertainties

The axial compression capacity of a drilled shaft is the sum of side resistances along the shaft and end
bearing at the tip minus its own self-weight. For the long friction shafts shown in Table 1, it is adequate
to assume that the shaft capacity (Q) is approximately equal to the total side resistance (S). For shafts in-
stalled in multiple strata with possible appearance of clay, sand, gravel, and rock layers, the total side re-
sistance is expressed as:

S=8.+S;+S, +S; (5)

in which S¢, S, Sg, and S; = side resistances for the clay, sand, gravel, and rock layers, respectively. The

side resistance in a given layer, denoted by Sy (the subscript ‘x’ denotes either ‘c’, ‘s’, ‘g’, or ‘r’, depend-
ing on the stratum type of interest), can be computed as:

N
S, =B ft; (6)
i=1

in which B = shaft diameter. For calculation purposes, each stratum is discretized into N layers, with fg
being the unit side resistance for the i™ layer and t; being the thickness of the i layer. Note that Eq. (6)
assumes that there is only one layer per geomaterial type (clay, sand, gravel, or rock). It is rather common
to have interbeds consisting of different geomaterials, particularly clay, sand and gravel, in actual pro-
files. Eq. (6) can be easily generalized to more complex profiles. The models for unit side resistances in
clay, sand, gravel, and rock are summarized in Table 2. They are developed from the a-method for clay
and rock and -method for sand and gravel. The model uncertainties, €s, €ss, €sg, €sr, are described by
zero-mean normal random variables with standard deviations given in Table 2. Details on calibration of
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these unit side resistance models and estimation of associated model statistics are given by Ching et al.
(2011).

In addition, the measured soil parameters are modeled as the actual parameters contaminated with
measurement errors:

ln( Vsm) ln( )+e .
In{olg, m) ( g)+e '
In(s, )= 1n
)-

ln(qu m

(7)

+e

In(q, ) +eg,

in which 6’ysm, G’vem, Sum, qum = measured values of average vertical effective stress of sand layer, aver-
age vertical effective stress of gravel layer, undrained shear strength of clay layer, unconfined compres-
sion strength for rock layer, respectively and e, €5°vs, €5°vg, €qu. = measurement errors associated with the
subscripted soil parameters. These measurement errors are modeled as zero-mean normal random vari-
ables with the following standard deviations: 0.20 for ey, 0.10 for eys and eqv,, and 0.47 for eqy.

Table 2. Models for unit side resistances in clay, sand, gravel, and rock.

Geomaterial Correlation model for Standard deviation of model
unit side resistance (kN/m?) uncertainty &
Clay f, = exp_2.70+0.301n(su)+ Ssc] 032
Sand f, = exp[1.08 - 0.661In(z)+ In(c’, ) + & ] 054
Gravel f, = exp[2.18—0.75In(z) + In(c, )+ £, J 0.67
Rock f, =exp _3.03 + 0.411n(qu)+ Es, ] -

Note: s, = undrained shear strength, ¢, = vertical effective stress, and q, = unconfined compression strength.

3 RELIABILITY CALIBRATION

3.1 Performance function

The performance function, G, is an arbitrary function that is less than zero when its arguments result in a
failure state. For drilled shafts considered in this study, it is natural to define the performance function as:

G=S,+S+S;+S,-Lp-L; (8)

in which Lp = dead load and L = live load. It is clear that the ultimate limit state is exceeded when G <
0. The basic random variables describing the uncertainties in the side resistances are the unit side resis-
tance model errors shown in Table 2 (es., €ss, €sg, €sr) and the soil parameter measurement errors (€,
€s'vss €o’ves €qu) Mentioned in Section 2.2. If N = 1 in Eq. (6), the side resistance contributed by the clay
layer is:

S, = 7Bt = 1Bexp(2.70 +0.30[In(s, 1 )— e |+ Jte )

It is clear that S is a lognormal random variable in this special, because In(S.) = constant — 0.3eg, + &g 1S
a normal variable by hypothesis. For the more general case in which N > 1, S is a sum of lognormal ran-
dom variables and hence, it is not a lognormal random variable. The total side resistance S = S + Sg + S,
+ S; is not a lognormal variable even if S, S, S, S, are individually lognormal variables for the same rea-
son. The dead load is modeled as a lognormal random variable with mean = p;p and coefficient of varia-
tion = O p = 0.10. The live load is also modeled as a lognormal random variable with mean = p;; and
coefficient of variation = 6y = 0.25. The ratio ppr/urp = 0.5 unless stated otherwise.
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Given that the capacity (S) and the load (Lp + L) are not lognormal variables, Eq. (2) cannot be applied.
The probability of failure, Prob(G < 0), is computed using Monte Carlo simulation in this study.

3.2 Simplified RBD equations

Four simplified RBD equations are considered: LRFD, MRFD2, MRFD3, and MRFD4. They are defined
in Table 3 below.

Table 3. Simplified RBD equations.

RBD equation | Definition Comment

LRFD Yiotal (S: +S. + S; + SI)Z vpLp +7 L Calibrate 1 resistance factor: Yiotal
MRFD2 Yesg (S: + S: + S;)+ v.Se > ypLp + v Ly Calibrate 2 resistance factors: yesg, Yr
MRFD3 Ves (S: n SZ)+ YgSZ + YrS: > YDLB + YLL*L Calibrate 3 resistance factors: yc, g, Yr
MRFD4 chz + YsS: + YgS; + Yrsj > YDLj) + YLL*L Calibrate 4 resistance factors: ycs, ¥s, Ve, Vr

. . N . R N * * * *
Note: Asterisk denotes nominal resistances or nominal loads. Nominal resistances, S, S5, S, , and S;, are computed by as-
. . . * .
suming the model errors and soil parameter measurement errors are zero. Nominal loads, Lp and L, , are computed at their
mean values.

3.3 RBD calibration method 1: FORM design point

Two RBD calibration methods are considered in this study: (1) FORM design point method and (2) uni-
form quantile method. The first method is described in this section.

The First-Order Reliability Method (FORM) involves seeking for a design point lying on the per-
formance function G that is closest to the origin in standard normal space. An illustrative example con-
taining two standard normal random variables, U; and U, is shown in Fig. 2. It is possible to transform a
set of non-normal physical random variables to a set of standard normal random variables. The probabil-
ity of failure estimated using FORM is Prob(Gp < 0) = ®(-f), in which @(-) = standard normal cumula-
tive distribution function evaluated using say NORMSDIST in EXCEL. By definition, the reliability in-
dex of a design satisfying the equation below is approximately equal to 3 (error due to linearization in
FORM, G = G):

Glud,ud)=Glxd,x¢)=0 (10)

in which X, X, = physical random variables. Examples of physical random variables are given below.
This FORM design point method is described in Ang & Tang (1984). 1t is rarely emphasized that Eq.

(10) forces the performance function to be coupled to the simplified RBD equation. For example, the

LRFD format shown in Table 3 can only be calibrated using this design point method by stating the per-
formance function in the following form:

G=S-Lp-L; (11)

in which S is the total side resistance. There are three physical random variables: X; =S, X; = Lp and X3
= L. Applying Eq. (10), it can be seen that:

x{-x$-x§=0 (12)
Eq. (12) can be re-written in the LRFD format as follows:
ViotalX1 - ¥YDX2 - ¥YLX3 =0 (13)

in which x;" , Xy , X3 = nomlnal values of S Lp,and L;, resgpectwely The resistance and load factors are
calibrated using: Yiotal = X1 d X1 ,yD X d X2 and yp = X3d/ X3 .
For MRFD2, the performance function is stated in the following form:
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G=S.,+S,-Lp-L (14)

csg

A

Design point:
d d . d
u =(u,u)

ful,uz(ul )u2)

Figure 2. Definition of design point in First-Order Reliability Method (FORM).

in which S¢ig =S¢ + Ss + S, There are four physical random variables: X; = Scge, X2 = Sy, X3 = Lp and X4
= Lr. Applying Eq. (10), it can be seen that:

x?—xg—xg—xg=0 (15)

Eq. (15) can be re-written in the MRFD2 format as follows:

chgxik + YrX; - Ysz B YLXZ =0 (16)

in which Vesg™ X]d/ Xl*, Ve = de/ Xz*, YD = X3d/ X3* and YL = X4d/ X4*.

Based on the above LRFD and MRFD2 examples, the nature of the coupling is clear. The phg/si%l ran-
dom variables must be defined such that the resistance/load factor can appear as y; = x;/ X; . For
LRFD/MREFD, it is apparent that this is only possible when the resistances and loads are separable. A
simple example where the resistance and the load cannot be separated is the bearing capacity of a shallow
foundation subjected to inclined loading. The inclined load factor in the bearing capacity equation is a
function of both the vertical and horizontal loads for drained loading (e.g., Annex D, BS EN1997-
1:2004). It could be possible to circumvent this problem by assuming that the bearing capacity is corre-
lated to the vertical load. Nonetheless, a second ad-hoc assumption that the non-normal bearing capacity
and non-normal vertical load are correlated using a translation procedure is practically necessary at pre-
sent (Phoon 2006). The adequacy of this ad-hoc assumption as applied to code calibration has not been
examinued thus far.

For the drilled shaft example considered in this study, it is possible calibrate LRFD and MRFD for-
mats using the FORM design point method. However, there is an important practical difficulty that is not
highlighted in previous studies. Although Eq. (8), Eq. (11) and Eq. (14) are mathematically equivalent,
the probability distributions of S and S, are not lognormals as explained in Section 3.1 and cannot be
derived analytically even for the relatively simple drilled shaft example in this study where the model and
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parametric errors are assumed to be lognormally distributed. However, the probability distributions of S
and S can be derived empirically using Monte Carlo simulation. In general, these empirical probability
distributions will not fit classical closed-form probability distributions commonly found in standard texts.
The authors found that the FORM algorithm is not stable when the physical random variables such as S
and S, are defined using empirical distributions (known only at discrete sample points and likely to be
inaccurate at probability tails where the design point is located). This FORM computational difficulty is
currently being studied.

It is possible to take the pragmatic approach of assuming the resistances S and S, as lognormals, ra-
ther than assuming that the model and parametric errors are lognormals as in Section 3.1. Nonetheless, it
has been pointed out in Section 1 that it is not judicious to make probabilistic assumptions for the conven-
ience of reliability calculations and in the same vein, certainly not for the convenience of code calibra-
tions. Probability distributions should be fitted to measured laboratory/field data, comply with known
physical upper and/or lower bounds, and respect the accumulated knowledge base on correlations be-
tween various soil properties. It may not be possible to identify an appropriate probability distribution for
a basic soil parameter exactly, because of insufficient data and/or imperfect knowledge. However, a prob-
ability distribution that fits known data and state-of-the-art knowledge is “best” at a particular point in
time. It can be revised when more data and/or state of knowledge improves — this is true for all aspects of
scientific pursuit; not merely probabilistic analysis. In some past critiques of RBD, the inability to iden-
tify “correct” probability distributions has been used as a reason for doubting the practical relevance of
RBD. While it may be fair to critique undue probabilistic simplifications made to suit computational con-
venience, it appears unreasonable to demand perfect knowledge of probability distributions (which is
merely a mathematical model of reality) and it is against the grain of evolving scientific progress.

In this study, the basic physical random variables characterized in Section 3.1 are assumed to be
“correct”, because they are based on actual measured data. To apply the FORM design point method to
LRFD/MREFD, it is necessary to use lumped variables such as S and S¢,. To circumvent potential numeri-
cal instability of FORM associated with the use of empirical distributions for S and S, it is assumed that
these lumped variables are lognormally distributed. However, the second-moment statistics (mean and
standard deviation) of these lumped variables are correctly estimated using Monte Carlo simulation. Note
that this ad-hoc lognormal assumption is only applied to calibrate the various resistance and load factors
in the LRFD/MRFD formats. These calibrated formats are validated by evaluating the reliability indices
of drilled shafts outside the calibration domain in Section 4. The reliability indices computed during vali-
dation in Section 4 are based on the “correct” probability models given in Section 3.1.

Finally, it is of interest to observe that the calibration of resistance and load factors using Eq. (12)
and Eq. (13) for LRFD is carried out to conform to the historical practice of producing a simplified RBD
design equation with the same “look and feel” as existing working stress design equation. This calibration
method is termed “FORM-standard” in this study. It is possible to consider an alternate FORM-based
calibration approach using the design point in standard normal space (u?, u?, usY):

uwl-ud-ui=o0 (17)

In this approach, the design point (u;%, u,%, us®) determined from a single calibration shaft is assumed to
apply to all other shafts. The LRFD equation is now written as:

xl(u?)— x2(u§‘)- x3(u§1)=0 (18)

in which xi(uid) = value of i physical variable for a validation shaft calculated using the value of the i
standard normal variable at the design point of the calibration shaft. This calibration method is termed
“FORM-u” in this study.

3.4 RBD calibration method 2: uniform quantile

The uniform quantile calibration method was proposed by Ching & Phoon (2011). The procedure is illus-
trated below using the LRFD format. Theoretical details are given in the above cited paper.
The n quantile of the total side resistance, S", is defined by:

Prob(S<s“)=n (19)
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in which 1 = number between 0 and 1, but typically order of 0.01 for practical problems. S" i is also called
the 10011% exclusion limit. For example for a normal random variable, the 5% quantile, S** = pg (1 -
1.645605), in which pus and Og are the mean and coefficient of variation of S, respectively. This definition
is sensible for resistances, because S" is a conservative value less than the mean value. For loads, it is
natural to consider the (1-n) quantile. For example, the (1-1) quantile of the live load, LL , 18 deﬁned
by:

Prob(Ly <LM)=1-7

(20)

Prob(LL > LIL_“): n
Hence, the probability of L; exceeding L_n is n. L_" is also called the 1/m return period load if L is
defined as the annual maximum load and LL Varles 1ndependent1y from year to year. Fora normal ran-
dom variable, the (100-5)% = 95% quantile, LL =L (1 + 1. 6456LL) in which pyp and 0y are the
mean and coefﬁc1ent of variation of L, respectively. This definition is sensible for loads, because LL
or Lp' M is a conservative value greater than the mean value.

For LRFD, the uniform quantile calibration method produces the following simplified RBD equa-
tion:

ST>THN+ L 21)

ComParlng with the LRFD format shown in Table 3, it is clear that Yo = S"/ S* vp = Lp In LD*, and y. =
L . The resistance and load factors for the MRFD formats in Table 3 can be calibrated in a similar
way. For example, the resistance and load factors for the MRFD2 format can be derived from the follow-
ing quantile equation:

ST +ST>THn+ L (22)

csg

in which S¢s.", S;" = n quantile of S¢s, and S;, respectively.

The distinctive feature of the uniform quantile approach is that the same quantile, 1, is applied to all
resistance and load components, regardless of the number of components. In fact, it is also possible to ap-
ply the uniform quantile approach to the partial factor format, although this format is not included in the
present study. The quantile is simply applied on more basic soil parameters such as the undrained shear
strength in this instance. Examples of partial factors calibrated using the uniform quantile approach are
given in Ching & Phoon (2011). Ching & Phoon (2011) also demonstrated theoretically that a single
quantile applied in the manner illustrated by Eq. (21) or Eq. (22) can be found such that the probabilistic
RBD objective given in Eq. (1) is achieved. This unique relationship between 1 and pr exists for a single
set of design parameters. For this relationship to be useful for RBD code calibration, it should be insensi-
tive to changes in the design parameters over a range of practical values. For example, almost the same
relationship should apply for undrained shear strength varying from 25 kPa (soft clay) to 200 kPa (very
stiff clay). Ching & Phoon (2011) presented four common geotechnical examples to demonstrate the rela-
tive stability of this 1 and pr relationship empirically. They did not study the effect of changes in soil pro-
files. This important variation in the design scenario is studied in Section 4. It is worthy to note in passing
that the change in soil profile must not result in a change of the failure mechanism (or performance func-
tion). For example, the failure mechanism for a shallow foundation resting on a thin layer of dense sand
overlying soft clay is not the same as the classical Buisman-Terzaghi mechanism for homogeneous soils.
It is obvious that the | — pr relationships are distinctively different for different performance functions.

Note that the probability distributions of S and S, are not available in analytical forms as mentioned
in Section 3.3. They can only be characterized empirically using Monte Carlo simulation. Nonetheless,
there is an important computational difference between using empirical distributions in FORM or using
empirical distributions to compute quantiles. The former creates potential numerical instabilities while
the latter can be carried out in a very robust non-parametric way using ranks. In this study, S", S, and
similar statistics are estimated correctly using Monte Carlo simulation. The ad-hoc lognormal assumption
adopted in Section 3.3 is not applied in the uniform quantile approach. Similar to the FORM design point
calibration approach, two variations are considered. The first variation is termed “uniform quantile —

94



standard”, which calibrates the usual resistance and load factors that would be applied to drilled shafts
outside the calibration domain for validation. The second variation is termed “uniform quantile — n”,
which applies the calibrated quantile 1 directly to drilled shafts outside the calibration domain for valida-
tion.

It is worth emphasizing here that the uniform quantile approach bears no theoretical resemblance to
the application of quantile in characteristic/nominal values. The latter refers to Eq. (19) or Eq. (20). The
quantile is prescribed by design codes without reference to the target probability of failure. For example,
a quantile between 5% and 10% is typically prescribed for the concrete compressive strength, f,, in struc-
tural design codes. The main purpose of this definition is to produce a suitably conservative compressive
strength that varies consistently with the coefficient of variation of f.,. The same quantile is applied to
different performance functions, for example moment/shear capacity of a beam or compression capacity
of a column. The quantile appearing in Eq. (21) or Eq. (22) is fundamentally different. It is calibrated
rather than prescribed to achieve a specific target probability of failure. It decreases in a relatively unique
way with the target probability of failure for a given performance function. It is intrinsically related to the
performance function. Hence, the quantile for a given soil property, say undrained shear strength, will
vary when the property is applied within the context of different performance functions, even for the
same target probability of failure.

4 VALIDATION STUDIES

4.1 FORM:-standard versus uniform quantile-standard

In this section, resistance and load factors are calibrated using the “FORM - standard” approach and the
“uniform quantile — standard” approach. These approaches have been presented in Section 3.3 and Sec-
tion 3.4, respectively. A single drilled shaft from Group ALL is selected for calibration. Note that Group
ALL contains drilled shafts installed in soil profiles with clay, sand, gravel, and rock layers. The cali-
brated resistance and load factors are applied to determine the mean dead load corresponding to each
drilled shaft in Table 1 in the following way for LRFD:

wpp = —lombs - YtitaSF;Sy j (23)
Yp t7TL MLL] bt
239}

in which yrorar, Yp, YL = resistance and load factors computed from a single shaft in Group ALL using the
FORM - standard/uniform quantile — standard approach, s = mean total side resistance for any valida-
tion shaft in Table 1, and pup = mean dead load required to satisfy the LRFD format corresponding to an
assumed mean live load to mean dead load ratio of 0.5. It is easy to generalize Eq. (23) to the MRFD for-
mats shown in Table 3.

It is more common to compute the shaft depth for a given set of loads in actual foundation engineering
practice. However, the foundation depths are already given in Table 1. Hence, the mean dead load im-
plied by the LRFD format is computed. This “design” approach is rather unorthodox, but it has no impact
on the evaluation of the performance of the LRFD/MRFD formats presented in Table 4 below. In other
words, the ability of the LRFD/MRFD formats to achieve a uniform target reliability index of 3 for the
validation shafts can be evaluated by computing the foundation depth from a given set of loads or vice-
versa. The latter approach has been applied by Phoon et al. (2003b) as well. The effect of varying the co-
efficients of variation in the basic random variables is studied in Section 4.4. The effect of varying the
mean live load to mean dead load ratio is studied in Section 4.5. It is of interest to note that there are only
11 shafts in Group ALL. The rest of the shafts (31 shafts) are installed in soil profiles with 3 or less soil
layers. In short, 31/42 = 74% of the validation shafts are installed in soil profiles that are distinctively dif-
ferent from the 4-layer profile in Group ALL.

Once the mean dead load is computed using Eq. (23), the “actual” reliability index of each validation
shaft can be estimated using Monte Carlo simulation. Note that the same nonlinear performance function
and the same set of basic random variables (model and measurement errors) presented in Section 3.1 are
applied to estimate the “actual” reliability indices for all validation shafts, regardless of the code formats
under study. It has been emphasized in Section 3.3 that the performance function and basic random vari-
ables presented in Section 3.1 constitute our current best understanding of “reality”. Hence, the reliability
indices estimated using these realistic physical and probabilistic models are described as “actual” in this
sense. For brevity, the term “actual” is dropped from hereon, because all reliability indices reported in
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Section 4 are “actual”. The ad-hoc lognormal assumption occasionally used in the FORM design point
method is purely applied at the calibration stage. Once the resistance and load factors are calibrated, it is
no longer relevant to the validation studies presented herein.

For each calibration shaft in GROUP ALL, 42 reliability indices can be determined. This calibra-
tion/validation exercise is carried out for all the 11 shafts in GROUP ALL, resulting in 42 x 11 = 462 re-
liability indices. The mean, coefficient of variation, highest value and lowest value of these reliability in-
dices are reported in Table 4 under the column heading “1 shaft”. It is worthy to clarify here that Eq. (23)
is the same regardless of the RBD calibration approach (FORM - standard or uniform quantile — stan-
dard) used. The RBD calibration approach only affects the specific numerical values of the resistance and
load factors used in Eq. (23). Note that the reliability index = 4.75 (corresponding to a probablhty of fail-
ure = 10®) appearing in Table 4 is an error flag indicating that the probablhty of failure is too small and
cannot be estimated using the Monte Carlo simulation sample size = 10° adopted in this study. This right
censorship will affect the mean and coefficient of variation reported in Table 4. In addition, statistical er-
rors associated with Monte Carlo s1mu1at10n increase with increasing rehablhty index. For example,
probabilities of failure smaller than 10™ are considered unreliable for a sample size = 10°. Nonetheless,
the performance data presented in Table 4 are useful in a qualitative sense to evaluate the performance of
LRFD and MRFD formats. The LRFD format calibrated using FORM — standard is commonly adopted in
numerous RBD codes in North America. The associated data are shaded in grey, because they provide
useful benchmarks to measure the performance of other code formats and other calibration approaches.

Focusing on the column headings “1 shaft” in Table 4, it is apparent that the FORM approach is infe-
rior to the uniform quantile approach. For LRFD, the mean reliability index is larger than 3 because of the
ad-hoc lognormal assumption imposed on lumped random variable, S, during RBD calibration. This sys-
tematic bias is not present in the uniform quantile calibrated LRFD, because the ad-hoc lognormal as-
sumption is not necessary during RBD calibration. For the FORM approach, the mean reliability index
also decreases monotonically in the order LRFD, MRFD2, MRFD3, and MRFDA4. 1t is postulated that this
effect is caused by the increasing random dimension in the performance function. This undesirable effect
is not present in the uniform quantile approach. The coefficient of variation (c.o.v.) of B is generally
higher for the FORM approach as well. It is interesting to observe that the c.o.v. of B reduces more sig-
nificantly with the size of the calibration domain when the MRFD format is applied.

Table 4. Comparison between FORM — standard and uniform quantile — standard RBD calibration method.

RBD Eq. FORM - standard Uniform quantile — standard
1 shaft 14 shafts 41 shafts 1 shaft 14 shafts 41 shafts
LRFD
mean [3 3.29 3.38 3.46 2.77 3.03 3.03
c.ov. 0.23 0.16 0.16 0.18 0.16 0.15
highest 3 4.75 4.75 426 3.85 4.01 3.69
Lowest B 1.41 1.80 1.99 1.41 1.62 1.74
MRFD2
mean [3 3.17 3.23 3.25 2.80 3.05 3.01
c.o.v. 0.25 0.18 0.13 0.20 0.14 0.12
highest 3 4.75 4.75 4.01 4.26 4.26 3.54
Lowest B 0.97 0.30 1.90 1.12 1.59 1.72
MRFD3
mean [3 2.49 3.19 3.19 2.50 3.03 3.02
c.ov. B 0.21 0.21 0.13 0.21 0.15 0.11
highest 3 3.62 4.75 4.26 3.63 4.75 3.55
Lowest B 0.92 -0.32 2.06 1.00 1.53 1.86
MRFD4
mean [3 2.41 3.03 3.13 2.63 3.01 3.01
c.o.v. 0.21 0.21 0.08 0.14 0.09 0.04
highest 3 3.28 4.75 3.78 3.45 4.75 3.25
Lowest 3 0.70 -0.45 2.19 1.53 2.10 2.72

*Note: Target reliability index = 3; B = 4.75 (corresponding to a probability of failure of 10°) is just an error flag indicating
that the probability of failure is too small and cannot be estimated using the Monte Carlo simulation sample size = 10° adopted
in this study.
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From a practical engineering perspective, the most important index in Table 4 is the lowest reliability in-
dex produced by the population of validation shafts. This index describes the departure from the desired
target reliability index for the most unconservative design. Both RBD calibration approaches are compa-
rable based on this index. The clear exception is MRFD4, where the uniform quantile approach performs
significantly better than the FORM approach. Overall, the degree of reliability control may be deemed
unsatisfactory, but this is hardly surprising given that there is only one shaft in the calibration domain and
the soil profiles in the validation domain are diverse. It is possible to view the performance under “I
shaft” as worst case, given the rather unreasonable demand of using one shaft to capture the range of di-
verse shaft and soil conditions.

4.2 Effect of number of shafts in calibration domain

It 1s more realistic to evaluate the performance of the LRFD and MRFD formats using more than one
shaft in the calibration domain. Two calibration domains are studied in this section: (1) 14 shafts are se-
lected randomly from the population of 42 shafts for calibration and the resulting resistance and load fac-
tors are validated using the remaining 42-14 = 28 shafts and (2) 41 shafts are selected randomly from the
population of 42 shafts for calibration and the resulting resistance and load factors are validated using the
remaining 42-41= 1 shaft. The former calibration domain (“14 shafts”) can be viewed as a practical case,
while the latter calibration domain (“41 shafts™) is probably a “best case”. In contrast, the “1 shaft” ex-
ample discussed in Section 4.1 is a “worst case”.

In general, the resistance and load factors are functions of the shaft and soil conditions. When there is
more than one shaft in the calibration domain, it is necessary to deal with the variations in the resistance
and load factors arising from individual calibration of different shafts. In this study, the resistance and
load factors produced by the calibration shafts are predicted via linear regression using the relative side
resistance contribution (S¢/S, S¢/S and S,/S) as explanatory variables. The coefficients of determination of
these regression equations are typically higher than 0.9. These regression equations are then applied to es-
timate the appropriate resistance and load factors for the validation shafts. Note that Phoon et al. (2003b)
apply a different strategy of calibrating all the shafts in a group using optimization, rather than calibrating
each shaft individually and then applying regression or other methods to reduce the resistance/load fac-
tors to a practical form that can be applied to validation shafts.

For each calibration group consisting of 14 shafts, 28 reliability indices can be determined from the
validation shafts. This calibration/validation exercise is carried out 20 times by drawing 14 shafts from
the population of 42 shafts repeatedly in a random way, resulting in 28 x 20 = 560 reliability indices. The
mean, coefficient of variation, highest value and lowest value of these reliability indices are reported in
Table 4 under the column heading “14 shafts”. For each calibration group consisting of 41 shafts, 1 reli-
ability index can be determined from the remaining validation shaft. This calibration/validation exercise
can only be carried out 42 times, resulting in 1 x 42 = 42 reliability indices. The mean, coefficient of
variation, highest value and lowest value of these reliability indices are reported in Table 4 under the col-
umn heading “41 shafts”.

For the FORM approach, the systematic bias in the mean reliability index cannot be mitigated by in-
creasing the number of shafts in the calibration domain. This is rather obvious as the bias is caused by the
ad-hoc lognormal assumption in the case of LRFD and the decreasing mean reliability index from LRFD
to MRFD4 is caused by the increasing random dimension. It is also rather obvious that the performance
of the LRFD/MRFD formats improves with the number of shafts in the calibration domain. For the uni-
form quantile approach, the mean, highest B and lowest 3 converge almost monotonically to the target 3
with the calibration domain size. This is a desirable result. It provides an assurance that the departures
from the target B can be diminished if one is willing to spend efforts to populate the calibration domain.
In contrast, the lowest 3 for the “14 shafts” domain calibrated using FORM can become negative, indicat-
ing a probability of failure larger than 50% for the most unconservative validation shaft! This is worse
than the lowest 3 produced by the “1 shaft” calibration domain.

4.3 FORM — u versus uniform quantile — n

It has been pointed out that resistance and load factors were developed purely for the practical reason of
producing a simplified RBD design equation with the same “look and feel” as existing working stress de-
sign equation. For FORM, it is possible to apply the following alternate LRFD approach as given in Eq.

(12):
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exp(ks + &Su?)= exp(KD + &Dug)+ exp(kL + &,Lug) (24)

in which the lognormal parameters (A; and &;) are related to the mean (p;) and standard deviation (o;) of
the physical variable as:

1
A= ln(ui)—aﬁiz

o2 (25)
gl = h{l + —12]
i

The design point in standard space (u;%, u,?, us®) is determined from a single shaft in Group ALL. The
mean dead load for each validation shaft is then computed as:

tp = Ug exp(ﬁsui1 - 0.5@52) _ Hs exp(&suf —0. 5%3) (26)
explepud -0.52b J+ MLk exple f —0.552 ) expCEou ~0565) +0.Sexp(Egus ~0.55)
LD

in Wthh Ks = mean total side resistance of the validation shaft. The design point in standard space (u,,
w?, us ) is a vector quantity. At present, there is no simple method of applylng the FORM-u calibration
approach to more than 1 shaft in the general case. Hence, the results in Table 5 for FORM — u are re-
stricted to the “1 shaft” case.

For the uniform quantile approach, it is possible to apply the following alternate LRFD approach as
given in Eq. (21):

explrg +Egky )= exp(rp +Epky_ )J+exp(ry +& k) (27)

in which k,, = ®'(m) and kiq = @'(1-n). The quantile 1 can be calibrated from a single shaft. For a cali-
bration domain containing more than one shafts, n can also be predicted via linear regression using the
relative side resistance contribution (S¢/S, S¢/S and S,/S) as explanatory variables. The coefficients of de-
termination of these regression equations are typically higher than 0.9. The mean dead load for each vali-
dation shaft is then computed as:

. nsexplesk, —0.522) ) nsexplesk, —0.522)
LD — - 2 2
exp(&Dkl—n _ 0.5§D)+ t‘LLLeXp(ngl_n _ 0.5gi) eXP(&Dkl—n -0.5¢p)+0.5 eXp(éLkl—n —0.5¢1)
LD

(28)

Eq. (27) and Eq. (28) are presented for conceptual clarity only and for comparison with Eq. (26). In prac-
tice, the n quantile of S is estimated directly from Monte Carlo simulation in this study, rather than using
the ad-hoc lognormal fit in the above equations.

From the performance data presented in Table 5 below, it is clear that the FORM — u method is
slightly better than the FORM — standard method. The margin of improvement is probably not practically
significant. On the other hand, the uniform quantile — 7| is significantly better than the uniform quantile —
standard method. It is of practical interest to examine the performance of the “14 shafts” calibration do-
main. The mean 3 is almost equal to the target 3, the c.0.v is small, and perhaps most importantly, the
lowest B is consistently above two. This level of lowest B cannot be achieved consistently even with the
best case “41 shafts” calibration domain in Table 4. In Table 5, the performance of the “41 shafts” cali-
bration domain is close to perfect.

There is a practical cost associated with the application of the uniform quantile — n approach that
should be highlighted. The engineer is required to perform Monte Carlo simulation to estimate the m
quantile of lumped random variables such as S and S¢,. The sample size for quantile estimate is typically
smaller than that for the probability of failure estimate. For example, if n = 0.05, a sample size of 10/n =
200 is quite adequate. Hence, the computational cost is not beyond the reach of a PC platform. Nonethe-
less, the engineer is expected to be comfortable with Monte Carlo simulation. The uniform quantile —
standard approach does not require the engineer to perform any Monte Carlo simulation. The code writer
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must perform Monte Carlo simulation to produce the resistance and load factors, but once these factors
are available, the user only need to calculate a single set of nominal resistances and loads. It is possible to
use the uniform quantile — n approach by making an ad-doc lognormal assumption for the lumped resis-
tance, S, as shown in Eq. (28). This obviates the need for the user to carry out Monte Carlo simulation,
but the resulting mean 3 will not be unbiased such as that shown in Table 5. The optimum code format
associated with the uniform quantile — n approach is possibly the partial factor approach in which the
quantile is applied on measured soil parameters, rather than lumped resistance components such as the to-
tal side resistance. The quantile for a soil parameter can be estimated directly from a set of measurements
without the need to perform Monte Carlo simulation.

Table 5. Comparison between FORM — u and uniform quantile — 1 RBD calibration method.

RBD Egq. FORM —u Uniform quantile —
1 shaft 14 shafts 41 shafts 1 shaft 14 shafts 41 shafts
LRFD
mean [3 3.50 — — 2.95 3.00 3.00
c.ov. 0.12 - - 0.03 0.03 0.03
highest 3 4.75 - - 3.15 3.18 3.15
Lowest B 2.86 — — 2.60 2.67 2.68
MRFD2
mean [ 3.01 - - 2.84 3.02 3.00
c.o.v. 0.14 - - 0.14 0.06 0.03
highest 3 4.11 - — 3.67 4.75 3.22
Lowest B 1.04 — — 2.02 2.65 2.65
MRFD3
mean f3 2.62 — — 2.59 3.00 3.01
c.ov.f 0.15 - - 0.15 0.06 0.05
highest 3 3.54 - - 3.55 4.11 3.32
Lowest B 1.02 — — 1.68 2.18 2.66
MRFD4
mean [3 2.41 - - 2.63 3.01 3.01
c.o.v. 0.21 - - 0.14 0.06 0.04
highest 3 3.31 - — 3.53 4.75 3.25
Lowest 3 0.69 — — 1.53 2.35 2.74

*Note: Target reliability index = 3; = 4.75 (corresponding to a probability of failure of 10°) is just an error flag indicating
that the probability of failure is too small and cannot be estimated using the Monte Carlo simulation sample size = 10° adopted
in this study.

4.4 “Unexpected” change in the coefficients of variation

The validation studies conducted in Section 4.1, 4.2, and 4.3 are based on a single set of coefficients of
variation for the model errors (€sc, €ss, €sg, €sr) and the measurement errors (€su, €s'vs, €c'vg, €qu)- It 1s of
practical interest to evaluate the performance of the code formats calibrated using one set of coefficients
of variation when they are applied on validation shafts associated with lower/higher coefficients of varia-
tion (c.0.v.s). The c.0.v.s for (€sc, €ss, €sg, €sr) aANd (€sy, €o'vs, €o've, €qu) are modified as follows: (1) uni-
formly reduce all c.ov.s by a factor of 0.5 and (2) uniformly increase all c.o0.v.s by a factor of 1.5. The
modified c.0.v.s are related to the calculation of side resistances. The c.o.v.s of the dead and live load re-
main unchanged. The mean live load to mean dead load ratio remains unchanged at 0.5.

It is important to point out that the performance shown in Table 6 (reduce c.o.v.s by 50%) and Table
7 (increase c.0.v.s by 150%) refers to a worst case calibration scenario in which the variations in the
c.0.v.s are not included in the calibration shafts. In other words, Table 6 and Table 7 illustrates the per-
formance of LRFD/MRFD formats when they are applied to design scenarios that are “unexpected” and
hence, not considered by the code writer. With this observation in mind, it is not surprising that the per-
formance shown in Table 6 and Table 7 are worse than that shown in Table 4 and Table 5. The FORM —
standard approach is not robust against unexpected design scenarios, even when the calibration domain
contains “41 shafts”. It is rather obvious that it is not the total number of calibration shafts that is impor-
tant per se. In the extreme, one cannot expect the LRFD/MRFD formats to perform adequately if they
have been calibrated using say 100 near identical calibration shafts. The outcome is entirely different if
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the 100 calibration shafts are carefully selected to cover all expected design scenarios. In some code cali-
bration methods, more commonly encountered design scenarios are assigned more weightage in the cali-
bration domain by using more calibration shafts for instance. For the case of “14 shafts”, it is possible to
produce bizarre results in which the lowest § = -1.98 for MRFD3 and lowest 3 = -1.59 for MRFD4 when
the c.o.v.s are reduced in Table 6. In other words, the designs become even more unconservative, al-
though the underlying uncertainties governing side resistances are smaller!

The uniform quantile — standard approach will produce designs that are safer when c.o.v.s are re-
duced or designs that are less safe when c.o.v.s are increased. Its behavior is stable in this sense, but it is
unable to achieve the prescribed target reliability index under an unexpected change in the c.o.v. that is
not considered in the calibration domain. The uniform quantile — n approach is able to accommodate an
unexpected change in the c.0.v., particularly when the LRFD/MRFD4 format is adopted. Note the c.o.v. 3
is lower when LRFD is adopted, but the MRFD4 format produces a mean [3 closest to the target value.

Table 6. Performance of LRFD/MRFD formats when applied to validation shafts with coefficients of variation of model and
measurement errors reduced by a factor of 0.5.

RBD Eq. FORM - standard Uniform quantile — standard Uniform quantile — n
14 shafts 41 shafts 14 shafts 41 shafts 14 shafts 41 shafts
LRFD
mean f3 4.69 4.69 4.55 4.57 3.39 341
c.0.v. 0.05 0.04 0.09 0.08 0.03 0.03
highest 3 4.75 4.75 4.75 4.75 3.62 3.57
Lowest 3.53 3.71 3.13 3.27 3.06 3.14
MRFD2
mean [ 4.59 4.69 4.60 4.62 3.40 3.19
c.ov.f 0.12 0.04 0.06 0.06 0.03 0.06
highest 3 4.75 4.75 4.75 4.75 3.65 3.58
Lowest 0.59 3.59 3.13 3.26 3.04 3.00
MRFD3
mean f3 4.40 4.69 4.59 4.64 3.29 3.19
c.0.v. 0.23 0.04 0.07 0.06 0.05 0.06
highest 3 4.75 4.75 4.75 4.75 4.26 3.48
Lowest -1.98 3.92 3.00 3.53 2.91 2.72
MRFD4
mean [ 4.49 4.71 4.66 4.69 3.20 3.03
c.0.v. 0.17 0.03 0.04 0.02 0.11 0.05
highest 3 4.75 4.75 4.75 4.75 4.75 341
Lowest -1.59 4.21 2.57 4.47 1.78 2.68

*Note: Target reliability index = 3; p = 4.75 (corresponding to a probability of failure of 10°°) is just an error flag indicating
that the probability of failure is too small and cannot be estimated using the Monte Carlo simulation sample size = 10° adopted
in this study.

Table 7. Performance of LRFD/MRFD formats when applied to validation shafts with coefficients of variation of model and
measurement errors reduced by a factor of 1.5.

RBD Eq. FORM - standard Uniform quantile — standard Uniform quantile — n
14 shafts 41 shafts 14 shafts 41 shafts 14 shafts 41 shafts
LRFD
mean [ 2.46 2.39 2.19 2.21 2.77 2.77
c.0.v. 0.17 0.16 0.17 0.16 0.02 0.02
highest 3 3.31 3.08 2.85 2.72 2.87 2.85
Lowest 1.22 1.34 1.10 1.17 2.52 2.55
MRFD2
mean f3 2.34 2.37 2.17 2.20 2.83 2.81
c.ov.fB 0.16 0.14 0.14 0.13 0.08 0.04
highest 3 3.06 2.86 2.75 2.63 4.75 3.38
Lowest 0.77 1.28 1.05 1.16 2.48 2.52
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RBD Eq. FORM - standard Uniform quantile — standard Uniform quantile — n
14 shafts 41 shafts 14 shafts 41 shafts 14 shafts 41 shafts
MRFD3
mean f3 2.29 2.32 2.25 2.20 2.87 2.87
c.0.v. 0.19 0.13 0.17 0.12 0.07 0.05
highest 3 3.35 2.77 4.75 2.60 4.11 3.28
Lowest -0.54 1.39 1.09 1.24 2.33 2.51
MRFD4
mean [ 2.25 2.28 2.22 2.19 2.98 2.97
c.0.v. 0.22 0.09 0.12 0.05 0.09 0.05
highest 3 4.75 2.73 4.75 242 4.75 3.32
Lowest 3 -0.15 1.47 1.31 1.97 2.22 2.63

*Note: Target reliability index = 3; p = 4.75 (corresponding to a probability of failure of 10°) is just an error flag indicating
that the probability of failure is too small and cannot be estimated using the Monte Carlo simulation sample size = 10° adopted
in this study.

4.5 “Unexpected” change in mean live load to mean dead load ratio, pui/tup

The validation studies conducted in Section 4.1, 4.2, and 4.3 are based on a single load ratio, p i /pp =
0.5. It is of practical interest to evaluate the performance of the code formats calibrated using p/pp =
0.5 when they are applied on validation shafts associated with lower/higher load ratios. Two additional
load ratios are considered: (1) prr/pp = 0.1 and (2) po/wp = 1.0. The c.o.v.s of all random variables
remain unchanged.

Similar to Section 4.4, the performance shown in Table 8 (u i /pp = 0.1) and Table 9 (up/wp = 1.0)
refers to a worst case calibration scenario in which variations in the load ratio are “unexpected” and
hence, not considered by the code writer. The FORM — standard approach is generally inferior to the uni-
form quantile — standard approach in terms of robustness against unexpected change in the load ratio.
MRFD3 calibrated using FORM - standard and “14 shafts” is the most inferior as it produces a lowest [3
= -3.43! The uniform quantile — standard approach typically produces a higher c.o.v. B in contrast to the
uniform quantile — n approach. — It is of practical interest to note that the negative reliability indices as-
sociated with lowest B for some MRFD formats in Table 6 to Table 9 disappear when the calibration do-
main is enlarged from “14 shafts” to “41 shafts”. It is postulated that the MRFD formats require a larger
calibration domain than the LRFD format, because it has more degrees of freedom (more resistance fac-
tors). It is worthy to reiterate the obvious guideline that the calibration domain should be as large and as
representative as possible. It is also judicious to avoid applying LRFD/MRFD formats to design scenarios
not covered in the calibration domain.

The performance data shown in Table 6 to Table 9 appear to indicate that the LRFD/MRFD4 format cali-
brated using the uniform quantile — n approach can produce consistent designs. The MRFD4 format
seems to produce the least departures from the target reliability index if the calibration domain is suffi-
ciently large and representative. The LRFD is more stable for a smaller calibration domain, but it is
slightly inferior in achieving the target reliability index on the average.

It has been highlighted in Section 4.3 that the uniform quantile — nj approach requires the user to per-
form Monte Carlo simulation to estimate the quantiles of lumped variables. This is practically inconven-
ient for the user, but given the significantly better performance of the uniform quantile — 1 approach, it is
worth pondering if this approach is a good compromise between conventional multiple factor formats and
full probabilistic analysis.

When the uniform quantile — n approach is applied at the level of soil parameters, rather than lumped
resistance components, it has been pointed out previously that the user can estimate the required quantiles
for design from measured data without performing Monte Carlo simulation in this special case.
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Table 8. Performance of LRFD/MRFD formats when applied to validation shafts with mean live load to mean dead load
ratio = 0.1.

RBD Eq. FORM - standard Uniform quantile — standard Uniform quantile — n
14 shafts 41 shafts 14 shafts 41 shafts 14 shafts 41 shafts
LRFD
mean [ 3.49 3.43 2.79 2.82 2.84 2.80
c.0.v. 0.16 0.16 0.16 0.16 0.05 0.02
highest 3 4.75 4.75 3.57 3.51 3.85 291
Lowest 3 1.91 1.95 1.50 1.59 2.51 2.56
MRFD2
mean f3 3.19 3.23 2.89 2.85 2.88 2.84
c.ov.fB 0.18 0.14 0.15 0.13 0.10 0.04
highest 3 4.75 4.01 4.75 3.36 4.75 3.17
Lowest -0.17 1.85 1.44 1.59 2.46 2.54
MRFD3
mean [ 3.07 3.13 2.89 2.87 2.82 2.87
c.0.v. 0.30 0.12 0.16 0.12 0.13 0.05
highest 3 4.75 3.81 4.75 3.41 4.75 3.17
Lowest -3.43 2.01 1.50 1.71 0.72 2.52
MRFD4
mean f3 3.04 3.06 2.94 2.94 2.90 2.89
c.ov.fB 0.22 0.08 0.14 0.14 0.08 0.04
highest 3 4.75 3.63 4.75 4.75 4.34 3.12
Lowest 0.06 2.15 0.56 0.56 232 2.63

*Note: Target reliability index = 3; p = 4.75 (corresponding to a probability of failure of 10) is just an error flag indicating
that the probability of failure is too small and cannot be estimated using the Monte Carlo simulation sample size = 10° adopted
in this study.

Table 9. Performance of LRFD/MRFD formats when applied to validation shafts with mean live load to mean dead load
ratio = 1.0.

RBD Egq. FORM - standard Uniform quantile — standard Uniform quantile —
14 shafts 41 shafts 14 shafts 41 shatfts 14 shafts 41 shafts
LRFD

mean f3 341 3.36 3.02 3.07 3.06 3.06
c.ov.f 0.15 0.14 0.15 0.15 0.03 0.03
highest 3 4.75 3.96 3.85 3.75 3.22 3.19
Lowest 1.86 2.00 1.69 1.82 2.73 2.78

MRFD2
mean f3 3.14 3.21 3.08 3.06 3.03 3.04
c.0.v. 0.16 0.12 0.13 0.12 0.05 0.04
highest 3 4.75 3.84 4.75 3.62 4.26 3.37
Lowest B 0.72 1.93 1.67 1.81 2.70 2.75

MRFD3
mean f3 3.14 3.13 3.01 3.04 3.04 3.02
c.ov.f 0.22 0.11 0.18 0.11 0.07 0.05
highest 3 4.75 3.72 4.75 3.69 4.75 3.35
Lowest 0.31 2.07 0.55 1.92 2.50 2.69

MRFD4
mean f3 3.07 3.09 3.05 3.01 3.00 3.00
c.0.v. 0.20 0.08 0.11 0.04 0.06 0.04
highest 3 4.75 3.62 4.75 3.31 4.05 3.24
Lowest 3 -0.51 2.19 1.15 2.75 2.33 2.76

*Note: Target reliability index = 3; = 4.75 (corresponding to a probability of failure of 10°) is just an error flag indicating
that the probability of failure is too small and cannot be estimated using the Monte Carlo simulation sample size = 10° adopted
in this study.
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CONCLUSIONS

Simplified RBD equations in the form of LRFD and MRFD formats are increasingly being adopted in
geotechnical engineering design codes worldwide. For example, the LRFD format calibrated using the
First-Order Reliability Method (FORM) is adopted by AASHTO. The effectiveness of applying these
simplified RBD equations to more realistic ground conditions containing multiple strata has not been stu-
died, despite its obvious practical importance. The objective of this paper is to investigate the degree of
deviation from the target reliability index produced when LRFD/MRFD equations are applied to a data-
base of forty-two actual drilled shafts installed in soil profiles underlying the city of Taipei, which con-
tain clay, sand, gravel and rock layers or some partial combination thereof.

Two RBD calibration approaches are studied. They are the FORM design point method and the more
recently proposed uniform quantile method (Ching & Phoon 2011). The performance of the
LRFD/MRFD formats is measured by computing the actual reliability indices produced by validation
shafts designed using the code format under evaluation. These reliability indices are summarized using
the following statistics: mean, coefficient of variation, highest value, and lowest value. From a practical
engineering perspective, the most important statistic is the lowest reliability index produced by the popu-
lation of validation shafts. This index describes the departure from the desired target reliability index for
the most unconservative design.

In general, for soil profiles with multiple layers, conventional formats containing resistance and load
factors are unable to achieve the prescribed target reliability index with the same consistency as that re-
ported for homogeneous soil profiles. This is true regardless of the code format (LRFD/MRFD), the RBD
calibration approach (FORM or uniform quantile), and the number of values associated with each resis-
tance factor (one value or regression function). For the drilled shaft examples considered in this study, the
direct application of quantiles in the RBD equation (uniform quantile — n approach), rather than convert-
ing the quantiles to conventional resistance and load factors (uniform quantile — standard approach), ap-
pears to deliver the most consistent and most robust performance. Consistency is measured by the ability
to achieve the target reliability index on the average with minimum deviation. Robustness is measured by
the ability to cater to unexpected design scenarios not covered in the calibration domain.

There is a practical cost associated with the application of the uniform quantile — 1 approach that
should be highlighted. The engineer is required to perform Monte Carlo simulation to estimate the n
quantile of lumped random variables such as S and Scs,. Some engineers may not be comfortable with
Monte Carlo simulation or find it too tedious to perform. The uniform quantile — standard approach does
not require the engineer to perform any Monte Carlo simulation. The code writer must perform Monte
Carlo simulation to produce the resistance and load factors, but once these factors are available, the user
only need to calculate a single set of nominal resistances and loads. This practical cost does not exist if
the uniform quantile — nj approach is applied to appropriate parameters where the probability distribution
is known analytically or empirically. For the former, the MRFD4 format is feasible because the side resis-
tances for each geomaterial type (Sc, Ss, Sg or S;) happen to be lognormally distributed when the underly-
ing model and measurement errors are normally distributed. For the latter, the partial factor approach in
which the quantile is applied on measured soil parameters, rather than lumped resistance components, is
feasible. The quantile for a soil parameter can be estimated directly from a set of measurements without
the need to perform Monte Carlo simulation.
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A stochastic approach to rainfall-induced slope failure
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ABSTRACT: This paper considers the influence of spatial variability of soil properties on the stability of
an unsaturated soil slope during and antecedent to a rainfall event. With water tending to follow a rather
tortuous flow path during the infiltration process, slope failures may occur locally due to loss in matric
suction with increasing degree of saturation. An elasto-viscoplastic finite element program combined with
random field theory is used to analyse the influence of the heterogeneity of the subsoil, as characterised
by the point and spatial statistics of the property values. Using a Monte Carlo framework, the results of
multiple realisations have been evaluated in terms of reliability as a function of both global factor of
safety and time.
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1 INTRODUCTION

Analysing the stability of soil slopes is one of the oldest tasks in geotechnical engineering. However,
even this relatively “simple” task of modelling and analysing the performance of a slope, in a residual soil
or as part of a man-made embankment, will become challenging when accounting for the unsaturated
state of the soil in interaction with the soil-atmosphere boundary at the ground surface. Changes in mois-
ture content and matric suction as a function of the atmospheric condition directly influence the perme-
ability, stiffness and strength of the subsoil. Thus, in order to address the stability of a soil slope, this
boundary needs careful attention. However, the continuing occurrence of slope failures and landslides
during or antecedent to rainfall events discloses the need for further investigations.

With the increasing demands of a fast growing world population and developing countries for suitable
infrastructures, the design of engineered soil slopes in urban and industrial areas is becoming more re-
quired then ever. Since the risk associated with a slope failure may be interpreted as the product of the
probability and the consequence, reliability-based methods should be used in order to account for the un-
certainties involved within the slope design and construction process. Hence, rather than using the usual
“cautious estimate”, the risks involved can be individually addressed and quantified.

The degree of uncertainty involved will be influenced by both the epistemic (subjective) uncertainty,
accounting for the lack of knowledge, e.g. as in sampling, testing and modelling, as well as by the alea-
tory (objective) uncertainty, representing the inherent spatial variability of the subsoil (Helton, 1997).
This paper aims to investigate the influence of the second type of uncertainty, that is, due to the subsur-
face heterogeneity, on the reliability of an unsaturated soil slope subjected to a rainfall event.

Various numerical analyses of rainfall-induced slope failure, in homogeneous unsaturated deposits,
have been conducted in recent years, e.g. Cho and Lee (2001), Cai and Ugai (2004), Rahardjo et al.
(2007) and Huang and Jia (2009), with reliability-based investigations on unsaturated slope stability be-
ing limited to first- and second-order analyses, e.g. Babu and Murthy (2005) and Zhang et al. (2005).

However, even within a moderately heterogeneous soil deposit, failure tends to propagate through the
inherent weaker zones. Using random field methodology, the influence of the spatial variability of soil
properties on the stability of saturated soil slopes has been investigated for undrained conditions, e.g. by
Paice and Griffiths (1997), Hicks and Samy (2002a, 2002b, 2002¢, 2004), Griffiths and Fenton (2004)
and Hicks and Spencer (2010), for slopes under drained conditions, e.g. Szynakiewicz et al. (2002) and
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Griffiths et al. (2009), and for soil slope liqueafaction, e.g. Hicks and Onisiphorou (2005). Random field
methodology has also been used by Arnold and Hicks (2010a, 2010b), to analyse the influence of spatial
variability of matric suction on unsaturated slope stability under steady state conditions. This paper aims
to extend these previous investigations to transient conditions, accounting for the spatial variability of
both the soil properties influencing the effective shear strength, as well as those soil properties controlling
the infiltration capacity, hydraulic conductivity, water content and thus the local matric suction.

2 METHOD OF ANALYSING RAINFALL-INDUCED SLOPE FAILURE

2.1 Constitutive model formulation

In very recent years, several constitutive frameworks have been developed accounting for the direct cou-
pling between the mechanical, hydraulic and thermal behaviour of unsaturated soils. However, the use of
sophisticated models is generally accompanied by an increasing number of model parameters, in many
cases with a decreasing physical meaning. Due to the scarcety of information on the in-situ variability of
soil property data, especially for unsaturated conditions, a rather simple constitutive model formulation
has here been applied in order to capture the implications of inherent spatial variability on unsaturated
slope failure. For this purpose, the hydraulic model has been implicitly (weakly) coupled with the me-
chanical model. This means that a change in water content will affect the matric suction and thus the
shear strength within the subsoil; however, a change in mechanical properties, such as of the porosity due
to a collapse upon wetting and therefore of the hydraulic conductivity, is disregarded in this paper.

Darcy’s law is valid for describing flow through an unsaturated soil stratum (Buckingham, 1907), and
has been presented in terms of the total head H as the driving potential by Richards (1931). The mass bal-
ance equation in mixed form, that is, using the head potential on the driving side and the water content on
the residual side, is given by

00,
ot

where K is the hydraulic conductivity, Q is the boundary flux per unit time ¢, 6, is the volumetric water
content and H is the total head which is the driving potential in moving the water. By assuming a constant
gas potential, with the pore-air pressure being equal to the atmospheric condition, and by neglecting the
osmotic potential by assuming pure water as the liquid phase, the total head is the sum of the suction head
w and the elevation head z (H=w+z). Using the relationships proposed by van Genuchten (1980), in com-
bination with the statistical pore-size distribution relationship by Mualem (1976), 6, and K can both be
computed as functions of the suction head y, that is
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where 6, is the volumetric water content at saturation which is equal to the porosity ¢, 6, is the residual
volumetric water content, « is the inverse of the air-entry suction head y,. below which the soil is as-
sumed to behave in a saturated manner, K; is the saturated hydraulic conductivity and # is the slope of the
soil water retention curve about the inflection point.

Bishop’s (1959) effective stress concept, combined with a linear elastic, perfectly plastic Mohr-
Coulomb type soil model extended to unsaturated conditions, provides the mechanical framework of the
model. Hence,

r,=c+(o—u,)tang'+ y (u, —u,)tan g’ (3)

where 77 is the soil shear strength, ¢’ is the effective cohesion, ¢’ is the effective friction angle, o is the
total stress, u, and u,, are the pore air and pore water pressure respectively, and (o-u,) is the net stress.
(u,-u,) is the matric suction, which is equal to the suction head times the unit weight of water (s=-y,),
and y is the suction stress parameter, which is a scalar relating to the suction induced effective stress; the
product of both, ys, is often referred to as the suction stress. There is an ongoing discussion regarding the
definition of y, since it cannot be measured directly. Of the numerous existing empirical equations,
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proposed by Vanapalli et al. (1996) and representing the effective degree of saturation S,, has been shown
to give in most cases an appropriate estimate of the suction stress parameter.

2.2 Numerical framework

The constitutive framework has been implemented within a finite element program based on Smith and
Griffiths (2004). The suction head values y at the nodes are computed by solving Equation 1, using the
modified Picard iteration method (Celia et al., 1990) within an implicit Crank-Nicholson time integration
scheme. An advantage of this weakly coupled constitutive framework is that the time steps within the
seepage and slope stability analyses are independent. At user specified times, the suction head values
are used to compute the suction stress ys at the Gaussian integration points of the finite element mesh, for
analysing the slope stability. Gravitational loading is applied to the soil slope, in order to generate the in
situ stresses. The strength reduction method is utilised to determine the point of failure, which is obtained
by gradually reducing the shear strength. The slope stability analysis is thereby performed, whereas the
seepage analysis is continuously running in parallel until reaching the next time step specified for a stabil-
ity analysis.

The net flux applied to the soil-atmosphere boundary is a function of the precipitation, evaporation and
run-off. Modelling the evaporation effects is generally quite important when analysing long term and sea-
sonal events, in order to accurately predict the initial conditions prior to a rainfall event, since these have
a significant influence on the infiltration capacity of the soil. However, in this investigation a single rain-
fall event is analysed and the effect of evaporation has not been accounted for. As a function of the mois-
ture content, the infiltration capacity of the surface nodes is calculated interactively. The difference be-
tween the precipitation and the net flux is assumed to flow down the slope as run-off and may infiltrate at
nodes where the actual infiltration capacity is not utilised by the precipitation. Assuming an efficient
drainage system at the right-hand boundary of the domain analysed in this paper, the remaining accumu-
lated run-off is removed at this point from the system.

2.3 Reliability-based methods

The local reduction in shear strength accompanying the movement of the wetting front through the sub-
soil, during and antecedent to a rainfall event, leads to a time dependent factor of safety. Furthermore, the
local advancement of this wetting is clearly a function of the spatial variability of the soil properties. As
stated by Duncan (2000): “Through regulation or tradition, the same value of safety factor is often applied
to conditions that involve widely varying degrees of uncertainty. This is not logical.”

The suction stress, water content and hydraulic conductivity are intrinsically coupled, and are time de-
pendent variables influenced by the changes at the soil-atmosphere boundary. Thus, even the use of a
“cautious estimate” of the soil property values within a deterministic analysis may lead to an overestima-
tion of the slope safety. Consequently, the understanding of unsaturated soil mechanics in general and un-
saturated slope stability in particular, would benefit from the use of reliability-based design methods.

In order to quantify the uncertainty, approximate first- and second-order probabilistic methods such as
the First Order Reliability Method (FORM), Second Order Second Moment (SOSM) method and Point
Estimate Method (PEM), as well as the Monte Carlo Method (MCM), are gaining increasing attention in
engineering practice. However, by using only the point statistics, usually the mean sy as a measure for
the central tendency and the variance oy as a measure for the variability, of a parameter X, the spatial
nature of the soil variability is either accounted for in a simplistic manner or possibly not at all. However,
since the changes in suction stress are not only a function of time in combination with the applied soil-
atmosphe