
Netherlands
organization for
applied scientific
research

TNO Report

IBBC

Tifle Probabilj-stic Design of Flood. Defences

Report no. B-81 -4O4

TNO lnstitute for Building Materials
and Structures

P.O. Box 49 Phone *31 15 60 60 00
2600 AA Delft Fax +31 15 62 03 04
Lange Kleiweg 5 Telex 38270 ibbc nl
2288 GH Riiswijk
The Nelherlands

Date 22 June 1987

Project no. 64.3 .0923

Author A.C.W.M. Vrouwenvel-der

Key-word Fl_ood Defences

To Members TAVI 10

Delivered reports shall only be published verbatim and in lull by the
Principal.
Publicat¡on for advertising purposes or ¡n any other form shall only
be allowed w¡th the pr¡or separate written consent of TNO.

IBBC-TNO is one of the inst¡tutes of the TNO
D¡vision of Construction and Metals Research

TTO





PROBABILISTIC DESTGN OF FLOOD DEFENCES

Authors:

E.O.F. Cal1e (Delft Geotechnics)
D. Dillingh (Ríjkswaterstaat, Highways and Hydraulics

Division)
I.rÌ. Meermans (Delft UniversÍty of Technology)
A. C.l{.M' Vrouvrenvelder (Institute TNo f or Building Materíals and

StrucËures )

J'K. Vrijling (RiJkswatersÈaat, Locks and Barrages Division)
L. de Quelerij (RiJkswatersraat, Hlghways and Hydraurics

Divísion)
A.J. Llubs (Institute TNO for Building Materials and

Structures )

For further inquirements please conÈact:

M. Koster J.K. Vrijling A. Vrouwenvelder
RI^IS-DI^II^I RI.]S - Sluizen en Stursen TNO-IBBC
Van der Burghweg 1 Griffioenlaan I Lange Kleiweg 5

P.O. Box 5044 p.O. Box 20.000 p.O. Box 49
2600 cA Delft 3502 I.A, urrechr 2600 AA Detfr
rer: 31-15 -569307 rel: 31-30-859111 rel: 31-15-606409

De1ft, October 1985





-1-

PREFACE

The design of dykes, embankments and other flood defences has undergone great
development in the lasÈ few decades. Traditionally dykes were designed purely
on the basis of experience. The crest level was established with reference to
the highest known water level.
The Delta Cornmission (installed in 1953 to rnake recommendatÍons for flood
protection of the Dutch Delta Area) took an important sÈep by applying statis-
tical techniques for determining the "design water levels". However, the
approach still rePresents a deterministic design method: fixed design values
were adopted for the various parâmeters of the problem.
As a next step the probabilistic design nethod was developed. In this approach
the stochastic character of the varÍous load and strength parameters is taken
into account, and the design ís based on an analysis of failure probabilities.
First applied to the design of steel and concrete structures, this nethod has
been used in hydraulic engineeríng design since the nid-1970s.
Ilorking Group 10 "ProbabÍlistic method" of the Technical Advlsory Conmittee
for Dykes and Flood Defences (TAI.I) has been assigned the task of naking the
resulÈs of this development applicable to flood defence structures. The ul-
timate aim is to arrive at a code of practice for flood d.efence structures on
the basis of a probabilistic design phílosophy.
The present rePort, however, Ín no way has the character of a code of prac-
Èice, but reviews the developments of the research activities. As wí1I appear
from a Perusal of this report, the picture is as yeÈ not compleÈe, and there
are still nany grey areas and blank spaces in the knowledge that is needed.
However, it is being endeavoured - where possible - to apply elemenÈs of the
probabilistic approach in actual practíce. The "Recommendations for the as-
sessment of the safety of dunes as fl-ood defences" (1983) and the
"RecorLmendations for the design of river dykes' (1995), both prepared by the
TAII, may be mentioned as examples.
The worked examples given in the report should be regarded as illustrating the
development of the probabilistic approach. They should not be conceived as
presenting an operational procedure to be applied in actual practice to the
design of flood defences.
It is hoped that this report will conËribuce Èo the dissemínation of knowledge
concerning the probabilistíc design philosophy and its application to
hydraulic and civil engineering structures in general and to flood defences in
particular.

The Chairman of TAW lJorking Group 10, prof. J.F. Agema
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SUMMARY

In the Netherlands the design of sea and river dykes is primarily based upon a

water leve1 with a part.icular frequency of being exceeded. For sea dykes this
water leve1 has been laid down by the Delta Commission in the so-ca1led design
$rater levels, and for river dykes by the commíssion on River Dykes.

The crest height of the dyke is determined by adding to the above-mentioned
design water level an appropriate margin, which should ínclude wave runup. 1'he

crest height, however, is only one of the characteristic quantities relating
to the cross-sectional profile of a dyke. The other dimensions and charac-
teristícs are determined on the basis of requirements associated with
stability, constructíon, maintenance and utilization of the dyke.

The probability of the design wateï level being exceeded cannot sirnply be
equated to the probability of inundation. Depending on circumstances, a
greater or lesser amount of reserve rnay be avaíIable in the extra height
provided' Another point to note is that a flood defence sÈructure such as a
dyke can fail in nany other h¡ays besides overtopping. IË can therefore be
concluded that lrith the present design method the probability of inundation is
in principle not established in a clear-cut manner. Furthermore it is Èo be
noËed that in the present proeedure the exÈent of the dem¿gs or loss is insuf_
ficíent1y reflected in the safety margin applied. To sunnarize, it can be saíd
Èhat the "balance" of the desígn as now carried out leaves much to be desired.

In the light of what has been said above the Council for Civil Engineering
I'Iorks advised the Minister of Transport and Public llorks that "it should be
considered whether it is possíble to arrive at a standard for safety against
inundation, based on a risk analysís of all the factors involved". The
Minister submitted the matter to the Technícal AdvÍsory Committee for Dykes
and Flood Defences (TAI¡I) .

On 20 March 1979 the TAI.I decided to establish llorking Group l0 "probabilisric
Method". The assigned task of this llorking Group is the formulation of a new
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philosophy for the design of soundly conceived (i.e., safe and economical)
flood defence structures. By soundly based design in this context is under-
stood that the overall probability of failure (or collapse) is known and is
sufficiently low and that the probabilities of failure of the various parts of
the structure are well interadjusted.

This report revievrs the present position of the research that has been carried
out. It can broadly be categorized as follows:

ê. Determination of
failure mechanism

the probabilitv of failure of
or for a combination of mechanisms

the dyke for a single
(Chapters 2 and 3);

b Determination of the
resulting damage, more

and 5);

depth of inundation in the event of failure, and the
of financial loss (Chapters 4particularly in Èerms

c. Deternination of an

d. Applicatíon, both
(Chapters 7 and 8).

acceptable level of risk (Chapter 6);

in a worked ex"mpre and in present-day design practice

The folrowing explanatory comments on these points are offered here:

Re a'ì Determination of the probabilít]¡ of failure

Chapter 2 gives a shorr- sr¡¡unarÍzing revíew of the techniques of risk analysis.
Some aids such as fault trees and event trees are indicated. The procedures
for leve1 I, level II and level III analysls are described. The combination of
two or more mechanísms and the Èheory of series systems and parallel systems
are consÍdered.

In order to calculate the failure probability of a dyke it is necessary to
have a mathematical descriptíon of the physical process associated with a
failure mechanism. Five failure mechanisms for dykes are considered in this
study, n¡mely:
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by high water level)overflowing (overtopping
wave overtoppíng
macro-instabiliÈy of inner slope
mí-cro-instability of inner slope
piping

Each of these mechanisms is described,
to enable the reliabílity functíons to
the above-mentioned failure mechanisms

realiÈy as closely as possible. Lane,s
ing the mechanism of piping.

and mathematical expressions are gíven
be established. For the first four of
these expressions describe the physical
ernpirical criterion ís used in analys -

The length of the dyke also plays a part in connection with determining the
probability of faíIure. For this reason the influence of rhe length effect has
also received attention within the scope of this research. progress r+ith
regard to this aspect is still s1ow, however.

An ímportanË elemenL in the risk analysís ís the consequence of a possible
inundation. In determining the depth of inundation this report makes use of
the hydraulíc formulae for the free-nappe weir and the subnerged weir. The
cases dealt with are the short lateral spillway in the event of breaching of a
dyke and Èhe long lateral spillway in Èhe event of overflowing. No theoretical
or experimental research into the development of a gap (breach) in a dyke and
the associated flow channel has been carried out.

For estimating the damage and corresponding financial loss associated with a
given inundation depth, a study of the consequences of the 1953 flood tide
disaster in the Netherlands has been carried out. It has thus been possible to
derive relatíonshíps between the ínundation depÈh, on the one hand, and the
number of deaths and the material damage incurred, on the other. The materíal
damage is divided into:

da¡nage

damage

damage

to
to
fo

agricultural areas;
industrial areas;
built-up areas (excl. industrial areas).
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Some examples of daurage (loss) calculations are included in the report.
Besides the inundation depth there are other parameters which also affect the
damage, such as the speed of inundation, the duration of inundation, and the
possibilities for rescue and evacuation. These matters have not yet been
investigated.

Re c) Acceptable level of rÍsk

Calculation of the probability of failure of a system of flood defences soon
comes up against the question as to what probability of whaË risk is accept-
able. By risk is understood the product of the consequence (damage, loss, or
number of victíms) and the probability of such failure. The acceptable leveI
of risk is dealt with fron two points of view:
- the personally acceptable 1evel of risk;
- the socially accepËable level of risk.

In connection with the personally acceptable level of risk the question
whether the risk is voluntary of non-voluntary is of partícular importance. In
the case of a woluntary risk the individual makes an appraisal in the sense
that he balances the direct personal and the social benefit against the risk.
Both the probability componenÈ and the consequence coÐponent are esÈimat.ed on
the basis of his own experience or of the reported experience of others. In
the case of a non-voluntary risk the individual can lndeed make an appraisal
according to his oÌùn set of norms, but it is not wíthin his power to alter the
choice should his assessment of the consequence be unfavourable.
As regards the socially acceptable level of rísk in respect of a partícular
project, tÌ{o approaches may be adopted. In the firsÈ approach Èhe problen is
schematized xo a mathematical-economic decísion problen by expressÍng aII the
consequences of the disaster ín monetary terms. The cross-sectional profile of
the dyke is so chosen that the sum of the consÈruction cost items, or of the
cost of dyke iurprovement and the caplËaLized loss expectation, is a minimum.
The second approach has recourse to accident statistics. It starts fron the
proposition that the result of a social appraisal of risk is reflected in
these statistics, and it is attenp.ted to derive a standard of appraÍ-sal, or
norm, from them.
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Re d) ApplicaÈions

To gain experience in designing on the basis of risk analysis, a worked
example has been carried out hrithin the scope of this study. For this purpose
a river dyke consistíng of a sand body with a covering layer of clay on the
outer (riverward) slope has been chosen. Eleven of the paraneters involved Ín
working out this design example have been assigned a stochastic character. The
mathematical-physÍcal models have intentionally been kept simple, as also the
mr¡nber of failure-mechanisms considered, in order to present a complete
treatment of the procedure as a whole.
The optimal cross-sectional profile of Èhe dyke is determined on the basis of
the sum of the cost of construction of the dyke and the capitalized loss
expecÈation. First, for eaeh failure mechanism the failure probability and the
optimal dyke profile are determined. Next, the failure mechanisms are
combined. Because of the layer of clay on the outer slope, the mechanisms of
macro-instability and micro-instabilixy are of hardly any significance.
Despite assumed imperfections, the clay layer ls found to be a¡ply able to
keep down'the water level in the sand body. Hence the other two mechanisms,
overflowíng (overtopping of the crest by high water revel) and piping
determine the failure probabitity of the dyke. The oprinal failure probabilíty
is found to be associated with a dyke having low angles of slope, this being
necessary for obtaining a sufficiently long seepage path lenguh to scope with
piping. rf the seepage path length is increased by other ,oeans, ê.8., the
presence of a foreland on the riverward síde of the dyke, the optinal profile
ís found to be provided by a dyke having the steepest possible sropes.

The practical sÍgnificance of the research also receives attention in this
report. It is pointed out that probabÍlistic approaches to dealing with
particular problems are íncreasingly being applied. It is also reported that a
number of the results of this study have already been applied ín acÈual
practice. The lAI{ Recommendatíons for RÍver Dykes and Dune Erosion, and the
oPerational nanagement of the Eastern Scheldt Storm Surge Barrier, call for
mention in this context.

Finally, the report presents a number of conclusions and recommendations. It
emerges from the conclusions that some of the resulÈs of the research are
already being given pracÈica1 applícation and that more results can be
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exPected Ëo become available during the further course of the research.
Carrying out the assessment of a complex system of flood defences with the aid
of a probabilístic approach wiIl, however, still require much effort. The
l^Iorking Group is of the opínion that, also havíng regard to the requirements
of engineering design practice, the research should be contínued. A nu¡nber of
reco'nmendations are made in connection with this. Among oËher matters it is
recommended that models for failure mechanisms be further developed and
calculations be perforned with these models, taking account of the length-
effect and correlations. From a sensitivity analysis of all the relevant
factors associated with cost optimization ft ¡vÍll then be possible to deduce
priorÍties for closer investigation.
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NOTATIONS AND ABBREVIATTONS

Sone of the s¡rnbols occur only in certain chapters or have a different neaning
in different chapters. In such cases the relevant chapter is indicated in
parentheses.

A : axea of polder
O(n) - area of polder at level h
AO : constant
a - parameter of the exponentíal dÍstribution
a : constanto
B - width of river
B - width of covering layer on landward side of dyke (Seetion 3.5)
Bo - effect of seiches, b'mp gusts and squarl oscirlations
b - widrh of spillway or breach
bt - crest r¡idth
b" - ditch botÈom width

- C}:.ezy' s constant

- cost of construction of dyke

- creep ratio according to Lane

- total cosÈ

- circular arc of sliding
- coefficíent depending on t¡æe of soil

ct - cohesion
ci - cohesíon of clay
ci : coheslon of sand
cr(d) : damage factor for property category i
"o - constan
D - depth for foreland below daÈum (Chaprer 3.2)
D - thickness of waterbearing sÈratun (Ghapter 3.5)
Dso - grain diameter at which 50t of alr the grains (by weight) are

below the diaroeÈer

d - depth of inundation

c

ccoxsrn
ct
cror
C.

b
c
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di : thickness of layer i
q. - thickness of clay laye

%" : thickness of clay layer under boÈton of ditch
E(x) : (rnathematical) expectation of x
E(s) - capitarized loss expectation (due to damage by fnundation)
F, F" : sÈability factor
Fx(€) : cumulative distribution frequency of x
Fx(€) - complement of Fx(€)
fb - cost of dyke construction per unit volume
fx(€) : probability density funcrion of x
G_ - wave steepnesss

E - acceleration of gravit
g - growth rate of Èhe economy (Chapter 6)
Ht - local wave height
H" - slgnificant wave height

^H - hydraulíc falI
M,o - critical hydraulic fall in rnodel test

^H - critical hydraulic fall in proÈot)rye Èest
P

I - river water level, equilibriurn depth
h - highest trater level upstream
he - level of aËtack
h^ - construction level of cresta

\ : distance from reference datuu to river bed
h_ : ground level

m

h., - height of attack
ho : heíght of dyke (crest 1evel)
hoo : present height of dyk
ho.opt - oprÍnal height of dyke
h_ : \rater level in polder

P
h_^ - level of lowest poínt ln polderpo
h^ - local river water level (Chapuer 4)s
h" - distance from reference datum to bottom of ditch (ch. 7>
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h1 - river watser level rrpstreâm
hZ - river \ùaËer level downstrenrn

I - total investment amount

ï' : cost per m of dyke heightening
IU : gradient of river bed
IU : investment Per ernployees per year in branch of industry b (Section

s .4)
I_ - cost of nobilizationo
I* : hydraulic gradient of surface water
Ii : gradient of pressure head or hydraulic gradient
k - number of standard deviations between the mean and the accepted

number of victims (Chapter 6)
k - reliabíliry index (Chapter 6)
11 - permeability of elay
kr, k* - number of standard deviations between the mean and the charac-

teristic value of R and S respectively
k, - vertical perneability
k= - per:rneability of sand
L : span

L' : entry length
Lt : r¡idth of foreland
LZ : widÈh of dyke base
L¿ - length of dyke

h - seepage parh lengrh
L" : wavelength
L.,, : length of spillway section
M" : overturning momenÈ

"n - plastic Eoment

Ma - resisting moment

4i" - maximum possible nornepr M

m - model uncerÈainty
N - (service) lífe
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N¡ - nu.mber of places where an independent activity is performed
N_. : number of persons participating in activity ip1
n : pore ratio (Chapter 1-, 7)
n : number of elements, segments, sections, etc.
o : original outflow level
P(x) : probability of occurence of event x
P¡ : production value per employee in branch of industry b
P¿l fi : probabilíty of a death in the event of an accident due to

activity i
Pt. - probability of an aecídent due to activity i

1
Pf : optimal probabiliry of failure

opt
Pf - permissible probability of failure

ac
Qr - river discharge (rate of flow)

Qr - maximum discharge

Qr - river discharge, upsÈrearn
up

Q,. - river discharge, downstream
-down

Qr - constant basic discharge
o

Q(t)tot - Èotar lateral discharge over spÍllway at point of time t
Q(t) - Iateral discharge over spillway
q : load per m

q(s) : local lareral discharge
R - resistance (Chapter 2)
R - hydraulic radius (Chapter 4)
R : radius of slip circle (Section 3.3)

\. - characterlstic value of R

r' : real rate of interest (Chapter 6)
S - action (effeer) (Chapcer 6)
S : material damage (or loss)
St - depth contour
St - characteristÍc value of S
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S : constanto
S : uncertaintv in S

P
S : storm tide levelv
s : space coordinate along axis of river
s : damage or loss (for a given depth of inundation) per unit area
s : value of a human life (Chapter 6)

s,. : direcË losscll-r
s, : indirect lossl_norr
s_ __ - maximum lossmax

"o - initial location of lateral spillway

"1 
: maximum loss, residential, per unit area

=2 - naximum loss, agricultural, per unit area

"3 - maximum loss, industrial, per unit area
T - duration of flood discharge in ríver
To - instant of start of flood discharge
t : time

% - instant of start of ínundation
t. : insÈant of end of inundation or free-nappe weir conditions
ti - perÍod of unproductivity
ao - instant of start of lateral discharge
U : uniforniËy coefficient
u - water Pressure
V - coefficient of varÍation
V - mean current velocity (Chapter 4)
Vt - mean current velocity, upstreâm
WU : number of persons engaged in branch of índustry b
W_ : plastic section modulusp
lI__ - nominal value of WPn -- -'P
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Xi : value of Xi ar rhe design poÍnr
Z : reliabiliry funcrion
zu : sum of subsoil settlement and consoridation of dyke body
Z, : relatÍve rise of sea level
Z2Z : 2t wave runup
a : angle of slope
a - constant (ChapÈer 6)

oi : influence coefficíent of variable i (ChapBer 2)
o1 : fraction of built up area
o2 : fraction of agricultural area
o3 : fraction of industrial area
p - reliabiliry index
þ - angle of ground-water outflow in relation to the horizontal

(Section 3.2)
p - consrant (Chapter 6)

P* : adjusted p according to Ditlevsen (Chaprer 2)
p* : díscretÍon factor (Chapter 6)
'l - constant (Chapter 6)
'l : weight per unit volume

?m : partial safety factor for material
'fn - weight per unit volume of wet soil
'/s - partial safety factor for acËion effect
'fw - weight per unit volume of water
6 - constant (Chapter 6)
e - scale factor
I : dispersion length

^.n - equivalent leakage factor
P*,r(x) - mean value of x

p; - mean value of z. in the domain zr 1 O (Chapter 2)
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p - coefficient of correlation (Chapter 2)
p - mass densicy

Pk - density of elay
p, : density of water
pz - density of sand
or,o(x) : standard deviacion of x
op : yield stress
opk - characteristic value of. on

on - effective soil stress or pressure
r I shear sÈress
Ott( ) : cumulative distribution of the standard normal distribution
ON(k) : reliability requiremenr (Chapter 6)
g - angle of Ínternal friction
pk - angle of internal fricÈion of clay
e" - angle of internal friction of sand

ABBREVIATIONS

RWS Rijkswaterstaat (Governmental Public Civil Engineering llorks
Department).

TAI{ Technische Adviescommissis voor de Ìrlaterkeringen (Technical Advisory
Comrnittee for Dykes and Flood Defences).

COII Centrr¡n Onderzoek Waterkeringen (Centre for Flood Defence Research).
TGB Technische Grondslagen voor Bourwoorschriften (Structural princíp1es

for Building Structures) .

VB Voorschriften Beton (Code of Practice for Concrete Structures).
NAP Normaal Amsterd¡rns peil (standard DaÈrrm Amsterdan) .

fUD Technische Universiteit Delft (Delft University of Technology).
TNO Nederlands Organistie voor Toegepast Natuur\cetenschappelijk

Ondetzoek (Netherlands Organlzation for Applied Scientific
Research) .

LGM/GD Grondrnechanica Delfr (Delft Geotechnics).
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1. INTRODUCTION

1.1- Reason for the research

In the Netherlands the design of sea and river dykes is primarily based
uPon a water level with a particular frequency of being exceeded. For
the sea dykes these ÌIater levels have been laid down by the Delta
comnission (1960): rhe so-carled design warer levels t1.rl.
The Cornmission on River Dykes (L977) has recommended "to have improve-
ments made to the river dykes in such a way thaË they can retain water
levels associated with a governing rate of discharge of 16500 n3/s of
the Rhine at Lobith. This discharge is exceeded with a frequency of
abouÈ L/L25O per year" [1.2]. These levels are called the "design water
levels",
The exceedence frequencies of destgn levels and gowerning discharge are
widely regarded as constiÈuting a standard for the safety of the region
proËected by the dykes and are interpreted in terms of inundation prob-
abilities. However, this Ís correct only in the theoretical case where
the dyke fails as soon as the design level is exceeded, but not below
that leveI.
The Delta Conmission has clearly stated that the exceedance frequency of
the design level nust not be conceived as a frequency of failure. In a
dyke design conplying wiÈh the Delta Gommission's requirements there
will still be a substantial safety reserve when the design level occurs.
A possible catastrophic \raÈer level r¡ilI therefore certainly be higher
than the design level. The ComnÍssÍon on River Dykes also recognizes
that because of nany factors involved, the probability of inundation is
not determined only by the design high waÈer level being exceeded. It
states thaÈ in actual practice the dyke could well retain the governing
level rsith an ample margin of safeÈy, but that on the other hand the
possibility of dyke failure at levels below the governing level cannot
be ruled out.

If a1l possíb1e causes of dyke failure at hÍgh water could be listed and
the associated irrobabilities of Èheír occurence be ascertaíned, then in
principle the probability of inundation could be calculated. Because
such a calculation was not feasible aÈ the tíme and unlikely to become
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feasible in the foreseeable fuÈure, the commission on River Dykes, in
its consÍderation on the desired degree of safety against inundation,
was obliged provisionally to equate the probability of inundation to the
probabiliÈy of the governing discharge being exceeded.
Aceordingly, the exceedance probability of the races of river discharge
has been adopted in thaÈ Commíssion's report as the standard for judg-
ing the safety against inundation. rt is acknowredged, however, that
Èhis approach is a computational device which ís applied for want of
something better.

In the light of what has been said above ít is not surprising that the
Raad van l.IaterstaaÈ (council for civil Engineering works), in its ad-
visory memorandum to the MinisÈer of Transport and Publlc l.Iorks on the
rePort of the Commissien on River Dykes, expresses the opinion Èhat "it
should be considered whether it is possible to arri-ve at a standard for
safety against inundation, based on a risk analysis of all the factors
involved".
The Minister submitted this matter to the Technical Advisory Committee
for Dykes and Flood Defences (TAl{) with the request Èo study it and to
advise him.

First, ê statement of the problem and a proposal for tackling it were
formulated by a Prelininary tlorking Group t1.31. Then, on 20 March Lg7g,
the TAII decided to establish l{orkíng Group 10 nProbabílistic MeÈhod".
The assigned task of this Lrorking Group is the formulatÍon of e nerr
philosophy for the design of soundry conceíved (í.e., safe and
economical) flood defence structures. By soundly based design in this
context is understood Èhat the overall probability of failure (or
collapse) is known and 1s suffÍclently low and that the probabilities of
failure of the various parts of the structure are well interadjusted.
The new philosophy shoutd be valid for dykes and flood defences in
general, i.e., comprísing sea and river dykes and other flood control
works (including polder drainage canal embankments).

Present desígn practice and Íts shortcomings
As already stated in section 1.1, the present starting point for every
dyke design is a water level which is exceeded with a predetermined



-2L-

frequency. The crest height of a dyke is obtained by adding a certain
extra height to this level.
The safety margin should be at least so large that the amount of hrave
runup or overtopping will not exceed a particular stated value. If no
appreciable overtopping by water is allowed, the Delta Corn¡nissíon recom-
mends adopting as the criterion the wave runup whieh is exceeded by 2t
of the number of waves. The Conmission consideres that the safety margin
- Èhe extra height - needed Èo cope with wave runup will provide a

substantial resen¡e of safety in the event of the design water level
being exceeded. This reserve is not quantified. It is less, according as
the extra height needed for runup is smaller. In order nevertheless to
obtain an equivalent sysÈem for safety, it is stated that for maín dykes
and oËher flood defence works which are not exposed to appreciable wave
action the minímum safety roargin wiII have to be rat least some
decimetres rr 

.

The practicle value for the safety margin ls ultirnately determÍned by
extrê allowances for gust oscillations and seiches and squall oscilla-
Èions relative rise of sea level, settlement and subsoil consolid.ation.
The safety nargin for river dykes is determÍned in principle in the snrne

wa!, Èhough only with allorsance for settlement and consolidation.
However, in the "Recommendations for the design of River Dykes" of the
TAI'I, the 2t wave runup crlterion is not adopted. Instead, an overtopping
criÈerion is applied, the permissibre amount of overtopping being made
dependent on the quality of the inner slope of the dyke. The minirnr¡m
crest lever for rfver dykes must be cater for waves due to passing
vessels and for the uncertainty in the calculation of the design lewel.
The crest level is only one of the characteristic quanÈities relating to
the cross-sectional profile of a dyke. The other dimensÍons and charac-
terisËics of a dyke design (angles of slope, crest hridth, berms) are
determined on the basís of stability requirements and requirements
associated with maintenance, practicability of construction and utiliza-
tion (e.g., as a base for a traffic route).
Besides the hydraulic boundary conditions, the soil mechanics parâmeters
(c', ø, k, 1, n) play a very important part in the stability calcula-
tions. The magnitude of some of these parâmeters for a particular length
of dyke can be determined only hrith a lirnited degree of accuracy. The
factors of safety applied in the calculations are based to a great
extend on experience, tradition and inÈuitive judgement.
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In the present design approach the required dinensions are determined
always per stretch or section of dyke. The overall "dyke ring"
(cornprising dykes, dunes, civil engineering works, other objects) of
which the sectíon of dykes forms part, is (with a few exceptions [1.4]),
left out of consideration, as ate also Èhe characteristics of the
Protected regions (ground level, area, number of inhabitants, invested
capital) . An excepËion to this is formed by the Del-ta commission, s
economic reduetion applied to the basic water level (exceedance fre-

-LLquency 10 ' per year ) in order to arrive at the design level.

The shortcomíngs of the present design method can be summarized as
follows:

The various stretches or sectÍons comprísed in one dyke ring do not a
priori provide the sâme degree of safety. rn those cases where the
IowesÈ safety ís the determining criterion, this state of affairs is,
from the economic point of view, undesirabre. conversely, situations
are conceivable in which rhe fallure probabillty of the dyke ring fs
equal to the sum of the fairure probabilities of the various dyke
sections comprised in iÈ. In such cases it nay índeed be uneconomic to
give all the elements equal safety. rt is sometímes better to over-
design the ncheap" sections and to under-design the nexpensive" ones a
little. Present design practice completely ignores these considera-
tions.
Per section of dyke there Ís no question of a balanced design with
regard to the various failure mechanisms. It is not known which of the
failure mechanisms makes the greatest contribution to Èhe probability
of failure of the dyke section in question. For a soundly based design
it is desirable that Èhese contríbutions should. be interadjusted in a
well balanced manner.

The overall length of the dyke ring is of no infruence upon the design
per section of dyke. But the longer the dyke ring, the weaker
(depending on the degree of correlation) the ¡veakest link is likely to
be.

The nagnitude of the damage or loss is of no influence upon the design
of the dyke.

The actual probabirity of inundation of the region protected by a dyke
ring is not known, so that there is rea11y no clarity as Èo the matter
on which the políticians nake their pronouncements.



1.3

-23 -

Principle of risL- analvsis and its advantases
rn order to judge whether a technical system (such as a dyke ring, for
example) satisfies the requirements that society applies with regard to
safety and economy ít is possible to use risk analysis methods. An
approach of this kind has already been adopted for large-scale new
technical systens such as nuclear energy plants and installations for
the unloading and transport of LpG.

The term "risk" eomprises the probability of an undesirable event
(explosion, inundation) and the consequences of the occurence of that
event (e.g., economíc loss, number of deaths). rn formura forn this is
given general expression as: risk : probabirity x consequ..r".i. The
value 1 (unity) is usually adopted for the exponent i, but other values
are sometimes also encountered.
By risk analysis may then be understood, the whole set of activities
aímed at quantifying, on the one hand, the probability of the occurence
of the undesirable event, and, on the other, the consequences of the
occurence of that event.
The various uncertainties are expressed in terms of probability. This is
further dealt with in chapÈer 2. The advanÈage of such an approach Ís:

The technical system "dyke ring" is analyzed and described as a whole.
the components of the overall system and of the subsystems can be
better interadjusted (less over- and under-designing).
The various uncertainties are ratÍonally incorporated in Èhe assess-
ment of the safety of the system.
It is possible explicitly Èo take accor¡nt of the cosÈ of inproving the
system and of uhe damage or loss expectation per protected region;
this can lead to greater differentiations of the safety within the
country.
The politicians obtain a clearer conception of Èhe matter on which
they have to make pronouncements.
Better insight into the sensitivity of the failure probability of the
system to the various uncertainties is obtained; this enabres
priorities to be established for further research with a view to
inproving th.e description of the system and reducing the margins of
uncertainty.
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Better insight into the priority for irnproving flood protection sys-
tems (or parts thereof) is obtained.

L.4 Interim report of the sÈudy undertaken bv TAW l,Iorking Group 10

This report describes the results of Èhe research so far carried out by
l^Iorkíng Group 10 "Probabilistic Method" of the Teehnical Advisory
Committee for Dykes and Flood Defences with a view Èo enabling readers
to make their own assessments and givÍng wider publicity to the results
- with recommendations for present-day practice, if possible - and
making them accessible for discussion.

Definitions and methods of analysis and calculation which are of impor-
tance to risk analysis are described tn Chapter 2.

Chapter 3 describes the effect of the failure probability calculation
for a nr¡mber of faílure mechanisms, as also Èhe effect of the length of
a dyke sectíon on its probability of failure.

Chapters 4 and 5 relate to the determination of the damage or loss
associated with the occurence of the undesirable event: Í-nundation.
Chapter 4 ouËlines a method of calculating the inundation behaviour of a
polder threatened by a river. Ghapter 5 deals with the determination of
the damage/loss for a given inundation behavÍour.

Chapter 6 descríbes a number of criteria against which the system ,,dyke

ring" should be assessed and concerning which the políticians must
ultimaÈely nake their pronouncements.

A worked exa¡Dpre of a carculation for a ficÈitious
presented in chapter 7 wlth a vlew to clarifyÍng the naln
risk-analytical approach to dyke design and tracking
arising in connection with the construction of dykes.

dyke ring is
outline of the
down probleurs

Chapter 8 considers how the llorking Group conceives its research results
being applÍed in practíce and shows how its concepts and ideas are
arready exerting their infruence in present-day practice.
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Finally, ChapËer 9 presents the conclusions drawn from this study and
makes recommendations for further research.

The constitution of lJorking Group 10 "Probabilistic method" of the
Technical Advisory Conmittee for Dykes and Flood Defences at the time of
wríting this report Ì{as as follorvs:

Chairman : Prof. J.F. Agema (Eniritus Professor Delft University of
Technology)

secretary: D. Díl11ngh (Rijkswaterstaat, Highways and Hydraulics
Division)

Members : lI.T. Bakker (RijkswaterstaaÈ, Tídar l{aters Division)
E.O.F. Calle (Delft Georechnics)
A.M. de Graauw (Public l,Iorks DepartmenÈ, Province of Zeeland)
A. Hoekstra (RfJkswaterstaat, Tidal l{aters Dívision)
R.A.J, de Kock (Public l,Iorks Dept. Province of South Holland)
P.c' l'razure (RijkswaÈerstaaÈ, Highways and Hydraulics
Division)
Iù. Meermans (De1ft UniversiËy of Technology)
L. de Quelerij (Rijkswaterstaar, Highways and Hydraurics
Divis ion)
A.C.ll.M. Vrour¡envelder (InstituÈe TNO for Building Materials
and Structures)
J.K. VriJling (Rijkswaterstaat, Loeks and Barrages Divtsion)
P.J.J. Ilillens (publÍc CÍvil Eng. Depr. of Salland)

("Rijlwaterstaatrl fs the Netherlands Government PublÍc Civil Engineering
Ilorks Departnent)
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2. METHODS AND DEFINITIONS

2.L Elements of a risk anal)¡sís
The sÈudy of structural safety cenuïes on the concepts of failure and
collapse. Although the two terms are commonly used as having almost
identical meanings, it is useful to draw a clear distínction:

A structure fails if it can no longer perform one of ics principle
functions. In the case of a dyke (or other flood defence structures)
this function is in general the prevention of inundation, i.e., prevent-
ing a protected region from being flooded, attended by loss of human
Iives and/or damage to properÈy.

A strucËure or a structural conponent collapses lf ít undergoes deforna-
tions of such nagnitude that the original geometry and Í-ntegrity are
lost' In general, collapse will be attended by a greatly increased
probabtlity of failure. It is, however, quite conceivable that collapse
occurs but not failure ê.g., slip affecting a dyke during a long period
of low \sater Ievel. The opposiÈe nay occur in the event of overtopping:
the dyke fails, but does not necessarily collapse.

The purpose of the desfgn of a flood defence structure is to obtaín a
structure which, during íts construction and throughout its inÈended
service lífe, has a sufficÍently low probability of failure and of
collapse. In order to achieve the best possible assessment of this, a
rÍsk analysis is perforrned (see Figure 2.L.L>. The three main elements
of the risk analysis are:

hazard - mechanisms - consequence

A rÍsk analysis begins with the preparation of an inventory of the
hazards and mechanisms. A mechanísm is defined as the manner in which
the structure responds to hazards. A combination of hazards and
mechanisms leads, wíÈh a partlcu1ar probability, to failure or collapse
of the flood defence structure or of its components parts.
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Fig. 2.L.L: Elements of rhe risk analysís.

The boundary between failure and non-failure, or between collapse and
non-collapse, is generally called a limit state. A distinction is to be
drawn between (fairure or colrapse with regard to
principal functions) and serviceability limit states (failure with
regard to the other functions).
Finally, the consequences of failure or collapse nnust be considered. In
the event of failure of the flood defence structure as .a whole, the
relevant inundation characteristics (inundation depth, inundation speed)
musÈ be ascertained and the material darnage and non-meterial loss be
esËimated. The probability of failure nultiplied by the damage or loss
(- consequence) constitutes the risk. For optimal design Ít is essential
to seek an appraisal in the sense of weighing Èhe risk, on the one hand,
against the cost of constructing a flood defence structure, on the
other.

In assessing the safety of flood defence structures it is very inportant
to consider the slrstem as a whole. StrucÈures are composed of many
comPonents, each of which may be prone to many hazards and mechanisms.

preparing an inven-
tory of hazards

formulating the
failure mechanisme

calculating the
failure probabitities

quantifying the
consequences

risk = probabitity x
consequence
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Collapse of component A may in Ëurn pose a lnazard to courponent B. The

failure of some components may lead direcÈIy to failure of the system
("series connection"); in other cases components tnay conpensate for one
another ("parallel connection"). A useful aid to establishing an ordered
pattern in the rlany hazards, mechanisms and components is provided by
diagrems such as faulÈ trees a¡td event trees (see Flguxe 2.L.2).

storm tide main defence lsubsidiary
r defence

f un c tions

no
inunda tion

inund a tion

Ftg. 2.L.2: Examples of an event tree (above)

and a fault tree (belov) -

In the case of an evenÈ tree the procedure consists of going from an
undesirable initial event (failure of a component, fire, human error) to
che resPonses of the system and the consequences. A fault tree is based
on Ehe opposite procedure: stercirig from an undesirable event, it is
analyzed how this may have been caused. In drawing a fault tree, symbols

functions

f ails

flood defence
f ails

flood defence
collapses

overtoppíng

inspection
fails
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Fig. 2.I.3: Fault tree for a flood defence structure
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such as AND gates and oR gates are used. The theory for calculating
these gates is given in Section 2.4. The AND gate corresponds Ëo the
paralle1 system, the oR gate to a series system. Figure 2.I .3 gives an
exanple of a fault tree for a dyke or other flood defence structures in
general (from tf.3l ) .

The drawback of event trees and fault Ërees is that they are rather
strictly regulaÈed. In an event tree it is in principle not permissible
to combine branches, and in a fault tree no dividing of branches is
possible. Furthermore, the sysÈem j-s essentially binary in character: an
event occurs or it does not. In civil engíneering, however, problems of
a more continuous character are of fairly frequent occurence. An alter-
native to event trees and fault trees r¡hich overcomes the sald
objections is prowided by so-called cause-consequence-charts (see Figure
2.L.4) .

storm lide

main defence
too low

yes no

m
c(

ain de f ence
rllapses

yes no

subsidiary
defence fa 5

yesln

inunda tion no damage

Fig. 2.L.4: Slnple exanple of a

cause - consequence - chart .
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It is noted that all the above-mentloned Eechniques hawe a recording
rather than a generating funcEion. Conceiwing whaÈ can go wrong, and how
it can go \rrrong, remains t.he des igner' s responsibirity - and a very
important one. It is often considered that thinking of a hazard or a
mechanism is of greater ímportance then the rshole analysis that then
follows. Aids in preparing an lnventory of causes of failure are data
banks, IÍterature studies, inËerviews, study of actual instances of
damage, brainstorn sessions, experience r¡ith similar structures, etc.
For cornmonly encountered structures most hazards and mechanisms are
recorded in guidelines and manuals.

In principle, there are tt¡o approaches in ascertaining the probability
of failure due to a parEicular mechanism. One approach is to make a
direct estimate of the probabiliÈy on the basis of experience and intul-
tion. Alternatlvely, a probabllistic calculation of the failure
probabÍIity may be performed. For this purpose it is necessary to have a
comouÈational model of the mechanism. On the basis of that model a so-
called reliability function Z is established wirh regard to the lirnir
state considered, in such a way Èhat negative values of Z eorrespond to
failure and posiÈíve values to non-fairure (see Figure 2.1.5). The
probability of f¡rilure can Ëhus be represented symbolically as p(z < o).
The reliability function is a function of a ntrmber of variables, such as

Z<0 failure

Z>0 no f ai(ure

xt

Z=0
f a iture
boundary

Fig. 2.L.5: Definlrion of a failure boundary Z - O.
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the water level, the crest height, the angle of internal friction, etc.
The variables with a stochastic character are usually called the basic
variables.
There are various techniques available for determining the probabilÍty
of failure for a given relfabilíty function and given scaÈistical
characËerístics of the basic varíables. For classÍfying these techniques
the following levels are to be distínguished:

Level III: Comprises calculations in which the complete probability
density functions of the stochastic variables are introduced and the
possibly non-linear character of the reliability function is exactly
taken into account.

Level II: Comprises a nu¡nber of approximate method,s ín which the problen
is linearized and all probability density functions êre repraced by
probabílity density functions of normal distributions.

Level I: Comprises calculations based on characterisËic values and
(parLÍal) safety factors or safeÈy margins.

Strictly speaking a calculation at level
probabilitÍes. It does, however, provide a

defined level of safety is satisfÍed. This
particularly suitable for everyday desÍgn
and their Ínterrelatíon will be dealt with

I does not involve failure
nethod of checking whether a

type of calculaÈion is more
practice. The various leve1s

in Section 2.2.

2.2
rn nany cases the faÍlure of a strucÈure can be reduced
quantities: the resistance or strength R and the load
S. The reliability function can then be written as:

z-R-s

to
or

comparing Èwo

action effect

(2.2.L)



-33-

At level III (i-f R and S are independenE)
given by che formula (see also Fígure 2.2

Ëhe probabiliry of failure
1):

1S

P(Z < 0) - "rJ f*(r) fr(s) dr ds
r(s

(2 .2 .2)

dr
Fie. 2.2.L: rContour map' for che product f*(r)fr(s);

the hatched area ts Èhe failure dornaln r

r

< s.

Here f*(r) is the probabirlry densiry funcrion of R and fr(s) is rhe
probability density function of S. The producr f*(r) fr(s) dr ds repre-
sents the probability thac R ls situated bets¡een r and r * dr, while S

at the same time ís situated between s and s * ds. The probabilÍty of
failure is then obtained by adding together (integraring) all probabil-
ities of combinations with "strength lower than load..
The doubre íntegrar in fornula (2.2-2) can, by parcial integration, be
reduced quite simply to a single integral:

P(Z<0)- f*(r) dr) fr(s) ds -

T FR(s) fr(s) ds (2 .2.3)

where F*(s) is the cu¡nulative distribution function for the strengÈh R.

similarry, by partial integration with respect to s we obtain:

@s

,f (J
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- Fr(r)) f*(r) drf- ,t

Idhich formulation is to be chosen rnay be made dependent on
the problem. usually R and s are in turn funccions of
variables, as indicated in Figure 2.2.2. The reliability
general form is then expressed by:

z : z(xl' x2' X)n'

Fig. 2.2.2: General relfabillry problen.

For this general case the equivarent of formura (2.2.2) is:

n
P{z < o) - "f "f 

..,f It f_ (x--) dx,- i_l ^i' r' 1

Z(x)<,)

(2 .2 .4)

the nature of
other (basic)
functíon in

(2 .2 .5)

(2 .2 .6)

The varíables x, are assumed to be independent. Formura (2.2.6) shows
rhat determining a probability failure at level III comes down to,cal-
culating an n-fold íntegraL, n being the number of sÈochastic variables.
Even with the help of nodern computers this is found to be

failure

strength

transfer functions theoreticat model

natural boundary
conditions

material / geomelry
parameters
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too unwierdy a problern, however, if n exceeds 5 or 6. rn some cases it
is possible to tackle the problem with a Monte Carlo simulation
(especially when dealing with sinple reliabilicy functions and not-too-
low failure probabilities). Mostly, however, it í-s advisable to have

recourses to approximations at level II.

For an inËroduccion to the calculaÈions et lewel II, consider again a

sinple reliabílity funcrionz - R - s according rhe formuLa (2.2.L). For
a full ËreatmenÈ of the method Èhe reader is referred to the literature
12.1, 2.2, 2.3, 2.41 . Here ir wírl be dealc wirh only in brief ourline.
Suppose that R and S both have normal distributions. From probability
theory it is known ttrat Z then also has a normal distribution. The mean
value and the standard deviation of z can be obtained fronn:

¡,(z)-p(R) -p(s)

o2 (z) - o2 (x) * o2 çs¡

(2 .2.7)

(2.2.8)

t7Q)

Fig.2.2.3:

I*!"Q\

ProbabiliÈy density funcrion
Z - R - S; definition of rhe

of the reliability funcrion
reliability índex p.
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the structure then follows from (see also

P{z < o, - _J frk)dz : o*(-É)

þ : p(z)/o(z)

where fr(z) is the probability density funcrion of. Z, ÕN(-p)
dÍstribution funcÈion of the standard normal distribution, and
so-carred reliability index. The function oN(-B) must be looked
Table 2.2.L. For values of p > 2 a good approximation of oN(-p)

oN(-p) -fuexp(-*,

(2.2.e)

(2.2.L0)

is the

B is the
up in
is:

(2.2.Lr)

(2.2.r2)

(2.2.r3)

Note that, aparr form the possible use of formula (2.2.LL), the level rr
analysis yields an exact ans\{er for the case under consideration.

In the general case, Z is an arbitrary function of n stochastíc vari-
ables x- xrr. suppose that the variables x. are mutuarly independent
and that the mean values and standard deviations are known. The central
feaÈure of the level II analysis is the linearizaÈion of the function Z.
Suppose that llnearization is based on expansion in a Taylor series at a
point X. - X9:-11

where zo is the funcrion value of z at rhe poínt x, - x!; laz/ôx ì is
the partial derivative with respect Èo X., likewise evaluated at the
point 

"i - "i. 
The mean value and the standard deviation of Z are then:

nz-zo+; (xr -x:) ,kr"
i-l t 

,-

n
t'e) : zo + .i. (¡r(xi) - "i) ,k)"

I:I 1

o2 (z) - 3- (ø(xr) ,u-*r"r,
i-l - ---i (2.2.L4)
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Table 2.2.L: Cumulative distribution function for Èhe standard normal
dis tribution.

p oN( _p) p ÞN( _B) þ oN( _p)

0.0 0.50
0.1 0.46
0.2 0.42
0.3 0.38
0.4 0.34
0.5 0.31
0.6 0.27
0.7 0.24
0.8 0.2L
0.9 0.18
1.0 0. t6

1.1 0. 14

t.2 0.13

1.3 0.10
1.4 O. 8]-xlO-1

1.5 0.67x10-1
1.6 0.55x10-1
L.7 0.45x10- 1

1 . I 0. 36x10- I
1.9 0.29x10-1
2.0 0.23x10-1

2.L O.18xl-0-1

2.2 0.1_4

2.3 0.11

2.4 O.82xl-0-2

2.s 0.62

2.6 0.47

2.7 0. 35

2.8 0.26
2.9 0. 19

3.0 0.13

p oN( _B) p oN( _p) þ oN( _É)

3.1- 0.97x10-3
3.2 0.67
3. 3 0.48
3.4 0.33
3.5 0.23
3.6 0.16
3 .7 0. 11_

3.8 O.72xLO-4

3.9 0.48
4.0 0.32

4.L 0.21x10-4
4.2 0.13

4 .3 0 . 79x10- 5

4.4 0.48
4.5 0. 34

4.6 0.2L
4.7 0. 13

4.8 O.79x10-6
4.9 0 .48

5.0 0.29

5.1 O.17x1O-6

s.2 0.10

5.3 0.58x10-7

5.4 0.33
5.s 0.19

5.6 0.11

5 .7 O. 60x10- I
5.8 0.33
5.9 0.18

6. O 0.99x10-9
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again expressed by:

(2.2.rs)

(2 .2.L6)

(2.2.L7)

(2.2 .L8)

the design point cannoÈ be directly deÈer-
and that Èherefore an iÈerati-ve
simple iteration scheme for the purpose is

If the Inean walues of X. are adopted for x!, a so-called mean value
approximaÈion is obtained. A more accurate approximation, however, is
obtained by putti"g x: eguar ro rhe design poinr, which is defined as
that point on the failure boundary where the probability density attains
a rnaximr¡m (see Figure 2.2.4). The design point is given by:

x! - r(xr) a,Fo (Xr)

ø(xt) âz
"t - "<z> \

Fig. 2-2-4: Definitlon of the deslgn poinÈ as Èhe point on the
fallure boundary where the probabilfty densicy is
greaEest.

Hor.¡ever, the prrrblen is thaË
mined (except if Z ís linear)
procedure Eust be applied. A

as folloçs:

design
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(f ) Start $¡iÈh XT - p(Xi) (mean value) .

(21 Calculate ¡t(Z) and o(Z).
{3} Deterrnine p
(4) Determine X?.

1
(5) Repeat steps (2) to (4) until convergences has been attained.
( 6 ) Check Èhat Zo - 0.
(7) Determine P(Z < O).

This method works satisfactorily so long as z is not too markedly non
linear.

Finally, iÈ is to be noted that there are two differents methods of
treating variables wlth non-normal distributions. The more usual proce-
dure consists in replacing the non-normal distríbutions by equivalenÈ
normal dlstribuËlons for which the values of the densicy function and
distribution functlons ar rhe polnr x! are Èhe s¡me (Flgure 2.2.5).

F, (¡)

Fig.2.2.5: A non-nornal disËribution (solid line) can be
replaced by a normal distributíon r¡ith the sâme mean

value for Èhe distribution function F and che same value
for the density funcÈion f - dF/dx at the design point
^ --o(-x

, iË is more. convenient to work with formal trans-
such a manner tÌrrat Z becomes a function of solely nornal
. A sinple example is a log-norma11y distribured X. Log-

Often, however
formations in
basic variables

equivalent normal -

origin a t
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normal means that Tn X has a normal distribution and that X can there-
fore be replaced by exp(Y), where Y has a normal distribution.

(2.2.Le)

where \ and SU are so-called characteristic values for the strengÈh and
load respectively, whire ?m and ?s ere partiar safety factors (',partiar"
signifies: to be determined separaË.ely per variable) . The characteristic
values are defined as:

: p(R) - h"(n)
- #(s) - krø(s)

R.
t<

st

Besides Ëhe calculations at level III
level I. For the basic case (strengÈh R,

applied to a structure at level I is
satisfied:

R.
L

-)r S.'t 's t<'m

Ro>so

0n comparíng formula (2.2.22) wÍ-ctr

relation between levels I and II is

and level II there are those at
load S) the mÍnimum requirernent
that the following condition is

(2.2.20)
(2.2.2L)

(2 .2.22)

fornula (2.2.L9) it follows rhar rhe
gÍven by:

In the design of steel and concrete structures it is usual to adopt \ -
1.64 and ks = 0, but other values may arso be chosen. rt is onry inpor-
tant to know with what fractile point a load or strength corresponds in
the statistical distribution.

The key to the relation beËween levels I and II is Èhe so-called design
point. This is defined as the poínt on the fallure boundary where the
probability density of R and s has its maximum. rn other words, if a

structure collapses, there is a high probability that the strength R and
load s are close to the design point values Ro and so. A probabit-
istically ínspired requirement ís therefore:

rr-\,/Ro;'rs:solsk (2 .2 .23)
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l^Iith reference Èo fornula (2.2.L7), Ro and So are given by:

Ro-p(R)-o*Éø(R)

So: ¡r(S) - crÉø(S)

By substituting the formulae for the characterisÈic values and the
desígn point values the expressions comprised in formula (2.2.23) can be
written as follows:

(2.2.24)

where V is the coefficient of variation:

V* - ø(R) /p(P,) Vs - o(s)/¡¡(S)

In general a partial factor will be greaxer accordíng as:
a) the influence coefficient a is greater;
b) the desired reliabiliry level p is hÍgher;
c) the uncertainty V is greater.
The factor (1 - kv) provÍdes a correction for that part of the safety
which has already been accomodated in the characteristic value.

The formulae (2.2.24) contain the influence coeffÍcients c* and or. I{ith
the aid of formula (2.2.L8) it can readily be shown rhat for
Z-P. - S the followingholds:

a* - o*/o" and as - -os/oz wirh oz - Jþ2R * "3) e.2.25)

The problen is that c* (and Èherefore r I is, via o , dependenÈ on ø ,
and that a, (and therefore -¡r) is dependent on ø*. Hence it is unfor-
tunately not possible to esÈablish load factors rtrhich are independent of
the strength variation, and vice versa. rn pracÈice this problen is
solved by adopting for large classes of cases always the s¡me values of
o and'y. The varues shourd be determined in such e lray that
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the deviations from the desíred level of safety is ninirnal. The desired
level of safety B itself is usually determined by considering relevant
sÈructures as they were designed in the past (calibration). In connec-
tion with this the assumption is that the average level of safety of
existing structures is reasonably good and that only a greater measure
of balance in Èhe design must be aimed at.

Just as for the calculations at level II, so also at level I there are
in the reliability analysis more stochastic variables than only R and S.
In the general case a partial- safety factor can be derived for each
stochastic basic variable, as follows:

?i : xllxkí ?j - \j/x;

The first formulation relates Eo load quantities
quantities. The check for safety is applied by
the condition:

(2.2.26)

, the second to strength
requiring fulfilment of

(2.2.27)z(t t\ri,

For practicar purposes, however, the approach will eonsist, not in
introducing a Partial safety factor for each stochastic variable, but in
naking combinations, because otherrsise the number of factors would
become unmanagable large. Consider by way of exarnple the plastic moment
of resistance of a steel girder, which is expressed by Mp: r Wp op,
where m is a model uncerÈainty facÈor, \ the plastic section nodulus
and ø the vield sLress. Instead of three partial factors (one for eachP
of the three variables), one combined factor is enployed, defined as
follows:

î,o - wp, ono/(mo 
"; ";) (2.2.28)

the plastic sectíonwhere l.I__ is the norninal (tabulated) value forPn
modulus an'ld o - is the characÈeristic yield stresspt<

of course, in furÈher working out the design it rsill be necessary to
take account of many oÈher points, such as the time-dependence and
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position-dependence of loads, long-term effects, etc
aspects would be outside the scope of this reporL.

Series svstems and parallel systems
As an introduction to the theory of the
secEion the seríes systen and the parallel
(see Figure 2.3.f ) .

Fig. 2-3.L: Examples of series sysrems (a) and pararlel sysrems (b)

In a series syst('m the elements are so arranged that Èhe collapse of any
one part irnrnediacely leads to colrapse of the whole systen. An example
of such a system is a statically determinated truss. In a parallel
systen it is possible that fallure of one element will be compensated by

To go into these

safeÈy of systems, in this
systeu will be considered

I'
ba

a
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other elements. A piled foundation with a large number of piles is an
s>(¡rnple of such a system.

A series svstem of two elements will fail as soon as one of the two

fornal notaÈion:elements is unable to resist the load sufficiently. In

P(systen fails) : P(ZL a 0 or Z, < 0l

n
p(2. ,2^) -L¿-i_111

I-I

Zt and Z, denoLe the reliabiliÈy functions of the first and the second
element respectively. Alternatively formula (2.3.1) can be wriÈten as
follows:

P(system fails) - P(ZL. O) + p(ZZ < O\ - p(Zt ( 0 and ZZ. O\ (2.3.2)

It can readíly be seen that the failure probabilÍty of the series systen
ís always higher than the failure probability of the individual ele-
menËs, but lower than the sum:

max P(zt < 0) < P(syscem fails) < ptzt < 0) + p(22. o) (2.3.3)

A special case occurs when zLa0 andz, ( 0 are independent events:

P{system fails) - P{Zf.Ol + P(22<O) - p(Zt Ol . p(22<O) (2.3 .4)

rf an accurate estinate is required for other cases, a lever rrr
analysis may be considered or an approxinate fornula be used. Nearly al1
approximations presuppose Z, and Z, to be normally distribuÈed and make
use of the correlation coefficient p (while -r = p < +1 and p - 0 cor-
responds to independence).
The formula for deternining p in accordanee with a level II approach is
given here without its derivatíon:

(2.3.L)

(2.3 .s)
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In this fornula o. (1) is the a-vaIue of Z, associated with Ehe variable
xi according to formura (2.2.L8), and similarry for o.(2). All X. are
assumed to be independent. It appears that independence can occur only
if the same basic variables are present in z, and zr; otherwise it
follows that p - 0. The best-known approxination formula for p lzL < o

and Z, < O) is rhar of Dirlevsen [2.1, 2.5]:

P(21<0 and Zr<.O) > max (oN(-pt) oN(-p*2), ÕN(-p*f) ø(-pìl

P(21<0) and zz.ot'ax(-p1) aN(-p*ù + iÞ"(-p*r) oN(_p2)

e pjl/J(r - p2l

(2.3.6)

(2.3.7)

(2.3.8)

rn Figure 2.3.2 Ehe failure probabillty of the system is giwen as a

function of p, Ëogether with the approximations according Èo Ditlewsen.
Formula (2.3.7) is found Èo provide a good. approximation in the whole
domain. rt ls found, too, that in very many cases the system failure
probabiliEy is saÈisfactorily approxÍmated by the sum of the rwo failure
probabilÍËies.

P(F)

pl- (pi-

P(z

P(z

Fig. 2.3-2. Failure probabilíty of a series sysren of
two elements as a function of p.
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Another approxirnation is that given by stevenson-Moses 12.61. rts
principle is given by:

PI,ZL < 0 and 22.1 O) : P{ZI < 0l

= P(2, < 0)

The expression after the sign of
the mean of Z, in the dornain Z, <

-1,i-r(rþt-ferzr(€)a{

P(22<O I ZL<O)

P(22<olzL-pLl

equality (:) is exactr.

0 (see Figure 2.3.3):

(2.3.e)

The value li i"

This nethod will be applted ln rhe worked example in Chapter 7.

Fig. 2.3.3: The mean value of Z ln the domain Z < O.

For a series syscem with n erements the probabirity of fairure is:

P(system fails) - P(Zt a 0 or Z, ( O or Zr, . 0)

(2.3.10)

(2.3 .11)

The upper and lower bounds in this case are given by:



max P(2. < 0) >

The case where

most simply be

P(sysÈen falls) - 1

P(F)

-41 -

P(systeur fails) > > P(2. < 0)

there is independence between all mechanisms Z. ( 0 can
analysed by consfdering the probability of non-failure:

P{systen does not fail) - ptZt ) 0 and Zr> O and .z >0)-n

P(Zn > 0)- P(21 > 0) P(22 > 0)

P ( systern fails ) -1- r [1 -P{2.<0)]
i-t

If all failure probabillties are equa1, Èhen:

(2.3.L2)

(2.3.13)

r!ì

[r - P(Zr < 0) ]t

(2 3. 14 )

12)

t0

Calculated failure probabilicles
cornprlslng n elements.

3

I

.3.4:Fig. 2 for a serles system
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formula (2.3.
to use more p

L2) are
recise

ls
to

The bounds given by
sometimes possible
Ditlevsen:

) [P.
' j<i rJ

where trj - PlZ. < 0 and

racher widely spaced. It
bounds, likewise due

tP. - rnax P.--r 
i<i 1J

< 0)

(2.3.L4)

z.
J

Some results of the formulae given here are represented in Figure 2.3.4.

A parallel svstem is characÈerized in its generality by Ëhe fact Èhat
elements can compensate for one another; failure of one element does not
automatically lead to failure of the system. The manner in which such
behaviour occurs may vary considerabry, however. For example, compare
the paral1e1 system shown in Figures 2.3.5a and 2.3.5io.

(o)

__>

(b) R=R1*R2

Fíg. 2.3.5: Various types of parallel sysËems.
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In figure 2.3.5a a region of land is protecÈed against inundation by two
dykes. rf the primary dyke fails, flooding of the section does not
immediately occur, because then the second dyke becomes "operational".
0n1y if the second dyke also fails, the system as a whore fails. A

sysËem of this kind is indeed the very opposite of the series system:
the series system fails if one of its elements falls I the parallel
system functions if one of its elements functions. Mathernatically the
two systems are equivalent íf failure probabllities are replaced by
success probabílities, and ví.ce versa. Therefore only the other type of
parallel system v¡ill be further considered here, namely, that repre-
sented in Figure 2.3.5b: a portal frame conprísíng two columns and
subjected to a horizonLaL load. This load ís resisted by both columns,
and the sysÈem fails if the load ís greater then the sum of the
capacities of the columns. Hence the strength of the system is equal to:

R - Rl + R2 (2.3.1s)

where R. is the maximum reaction force that coh¡mn i can develop.

For Èhe validiry of fornula (2.3.15) iÈ is important that the load-
displacement diagram of an individual column should have a ductile
character.

The strength (loadbearíng capacity) of a ductile paralle1 system with n
elements is given by:

R"y":Rl+R2+ Rn

Ë(R"y") - ¡r(Rf) + ¡r(R2) ... p(R,)

o2{n"r") - o2{nr) * o2{Nr) + ... o2{nrr)

If all R, have the same mean value and theI
these formulae can be simplifíed to:

(2.3.L6)

(2.3.L7)

(2.3.18)

same standard deviation,
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It is seen that the mean value increases proportionally to n, whereas
the variation increases proporÈionally to "/n. Therefore Èhe variation
decreases relatively:

V(R )-' sys' (2.3.2r)

A system comprising 10 elernents has a coefficient of vari-aËion which is
only V(R"ys) - 0.32 V(Ri).
Next, consider the case where the elements R. are completely correlated.
starting from egual mean values and equal variations for the Ril it
follows that then all the elemenÈs have exactry the sane strength:

Rt-Rz- -R n

The strength of the systen is given by:

R -nR-sys 1 (2.3 .22)

, standard deviation and coefficient of variation are thenThe mean value
respectively:

r!(Rsys) - n ¡r(R1)

o2(R"y") : n o2{rr)

,(R"y") - n p(Ri)

o(R"y") - n ø(Rr)

v(R"y") - V(Ri)

(2.3.Le)

(2.3.20)

(2.3.23>

(2.3 .24>

(2.3 .2s)

I'Iith conplete correlation the favourable effect of the parallel sysËem
has entirely dÍ.sappeared. Alternativery, of course, it is possible thaÈ
in a parallel system there exf.sts partial correlation, which can be
rePresented by means of a correlation coefficient. In Figure 2.3.6 the

;":::t::.nÈ 
of variarion of the svsrem u(*"y") is shown as a funcrion of
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= 
.|.0

= 0.7

P=0.3

p=0.0

Ftg. 2.3-6: The coefflclenr of wariarlon of a ducgile paraller
system as a function of the number of element.s
n and the coefficient of correlaÈion between the elements
p (with V(Ri) - V and p(Ri,*j) - p f.or aII i,j).

It is apparenE ÈhaË even a lorv degree of correlation greatly reduces the
favourable parallel effect.

Example

Mp¡

Fig. 2.3.7: Flxed-end bean wich bending rnomenÈ diagrarn at failure.

A steel girder of span L, fixed at both ends, carries a uniformly dis -

Èributed load q (see Figure 2-3.7). The girder collapses when rhree
plastic hinges have developed, namely, one at mid-span and thro at the
fixed ends. The reliability funcrion Z ís:

P

P

n
76
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(2.3.26)

This paralle1 system therefore comprises weighting coefficíents. The

following statistical properties will be assumed:

x ¡¡(x) V(x)

M
P

q

L

90 kNn

20 kl.I/rn

6n

l_0r

20\

The dependence of the tnonent Mp, fs furthermore of importance. Flrst,
consider compleÈe dependence :

z-/.Mpl *Mp2*å"or-å0"'

z -2r4 -+ -2
D. 8- sL
^1

t'G) - i.8o - f Cro¡62 : go rw'

o2(z) - (18)2 + (18)' - (rr.5 ktrn)2

p - 90/2s.s - 3.s4

P(F) - O.2O * 1O:3

(2.3.27)

Next, assune compleÈe independence for Mpr. The mean value of Z does not
change as a resurt of thÍs, but the standard deviation does:

o2 (z> - (4.s)2 + (g)2 + (4.s)2 + ç18 )2 - (zt 1 k¡{¡n)2

p-eo/2L.1 -4.3

P(F) - 0.8 x 1O-5
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The reality wÍll be in between the
complete correlatíon. There are
ferences within a steel girder 6 m

pZZ: 0.9 and prj - 0.8 (because of

to-(z) - () ) p.. .i"j o(Mpr.) "("oj)

two extremes, buÈ probably closer to
indeed unlikely to be any major dif-
in length. Supposing that ptZ:
the greater dístance), Ëhen:

) * * 14 o2(q) (2.3 .28)

the reliability

L2 o(q))2 :

2PL2"L"2 + 2crrere3 + 2p23"2ca) +

where c- are the coeff icients associated with l.lp- inr -- - - " ---- --ri --'
function, or c1:.3 - 0.5 and c, - 1.0.
On working this out, hre obtain:

o2 (z> - o2 {ltn. ) {> "

- o2 {lror) t "l +

,l "' o(q)t2

- s2 {(o.s)2 +

o.. c.c.l +'U 1J-

"l* "l*

(å

+ 2(o.e) (r) (0.

(r)2 + (o.s)2 +2ço.e)(o.s)(t) + 2(o.B)(o.s)2

5)) + LBz - (2s.0 tor)2

2.4

I.Iith this we finally obrain:

þ - gO/25 - 3.60 and p(F) - 0.16 x t0-3

As was to be expected, the correlaÈion almost entirely wipes out the
favourable parallel effect.

Failure probabiiity and realit]¡
The applieation of probability theory to the assessment of structural
reliability leads to the question whether the calculated probability of
failure corresponds to reality. rt is often supposed that a probabÍl-
istic safety analysís is meaningful only if it is based on accurate
computational models and on sufficient statistical data. In actual
practice these requirements are seldom furfilled, however. rn
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most cases it is just the lack of (statisÈical) daca and the absence of
an adequate computational model that are imporÈant features of the
reliability problem. In other words, the uncertainties associated with
them are often even greater than the uncertainties due to the instrinsi-
cally stochastie character of load and strength.

Obviously, these uncertainties musÈ be taken into account in determining
the margins of safety. Theoretieally the most attractive procedure
consists in first translating aI1 the uncertainties into probability
terms (espeeially coefficienÈs of variation) and then determining the
necessary safety factors. of course, in the case if ,'model
uncertainties t' ¿'nd "statistical uncertaintíes " Èhe coef f icients of
variaiion can only be esÈimated subjectívely. As a consequence of this,
a calculated probability of failure can no longer be interpreted as the
"frequency of cases of damage", but solely as "a measure of the con-
fidence in a .particular design". In the relevant technical language this
is cal1ed replaeing the objectíve or frequentistic concept of probabil-
ity by the subjective or Bayesian concept of probability. However, the
probabiliÈies and the coefficients of variation applied in establishÍng
codes of practice or design rules reflect the collective opinion of a
large number of professÍonal colleagues rather than the subjective
opinÍon of one Person. Hence the probabilities and parameÈers have the
character of desígn quantíties, and for this reason the designation
"notional probabilities. is sonetimes used in the 1íterature. Besides,
in most cases it will suffice just to have an approximate idea of the
order of nagnitude of the failure probabilities.

It should be borne in nind that the purpose of a relÍability analysis is
not so much to calculate the faÍlure frequency exactly as to produce as
good and balanced a design as possible with the available information. A
difference of a factor of 10 in the fairure probability often cor-
responds to, for example, a difference of nerely a few centimetres in
the heÍght of a dyke.
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CALCUIATION OF FAILURE PROBABILITIES

Introduction

3.1.1 Statement of the oroblem

The purpose of failure probability calculaËions is to nake possible a

prediction of the probability of inundation of a region protected by a

system of dykes or other flood defence works. In reality the determina-
tion of the probability of failure of such a system is an exÈreroely
courplex matter, this being attribuÈable to four factors.

- In the first place there ls the often considerable variety of the
tyPes of structure whích together form the systen of flood defences.
For example, a system may comprise a combination of dykes (sea, river,
lake, canal dykes), embankments, dunes, earth-reËaining structures
(quay walls), and ineorporated civir engineering strucÈures (rocks,
sluices). Besides, oËher objects such as pipelines and various kinds
of structure (not primarily inÈended to perform a water-retaining
function), Day be present on or in the dyke.

- Secondly, a complicating factor consists in describing the structural
properties of the waÈer-retaining elements separately. The variation
of the properties (incruding strength, deformation, permeabirity,
thickness of layers) of the natural subsoil and the artificially
deposíted layers of soil (often deposited in different periods of
tine) plays a part in connection with this. The uncerËainty with
regard to the quality of execution of the completed work is also a
point Ëo consider.
The infruence of the lengÈh of a dyke (see section 3.6) should
likewise be taken into account in calculating the probability of
failure. Furthermore, the Èlne-dependent character of the strucÈural
behaviour (e.g., consoridation of the soil strata) rnay be of impor-
tance.
Besides the uncertainty in determining the rnagnitude of the strucÈural
Parameters for the limit states to be analyzed, there is the probleur
that for most limit states no reliable maÈhematical descriptions of
the physical processes are available. This manifests itself in, among
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other instances, the description of the mechanism of piping and in the
erosion of grass slopes. rn such cases it is not known what the
relevant design parameters are,
A third coroplicating factor Ín the deÈermination of failure probabil-
íties under practical conditions is formed by the complex nature of
the potentialhazards or loads. Besides the obvious hazard posed by
"water'r, manifesting iÈself Ín high water levels and wave action, the
effect of hearry rainfall and íce-drift should also be considered. In
some cases the loading due to traffic, dead weight or adjacent build-
ings should likerrise be taken ínto account in the failure probability
analysis. Apart from the above-rnentíoned loads there may also occur
biological attack (e.g., by growth of organisms or by burrowing
animals). Finarly, special loads rnay occur in consequence of explo-
sions, impact effects in the event of collisions, earÈhquakes, etc.
The fourth complÍcating factor, which ln part is of a numerical
characÈer, ís consÈituted by the sunmation of all the above-mentioned
aspects, resulting in an overell probabirity of ínundation of the
regíon concerned. A problem assocÍated with this facËor is that the
linit states - Per water-retaining elemenÈ and also bet¡,¡een dífferent
elements - are partly correlated. This applies Ëo correlation both of
Ëhe load parameters (consider the water levels) and of the design
parâpeters (e.9., geonetry paremeters and strengÈh properties of the
soil strata). The nagnitude of this correlation, and how it may be
taken into account, is at present still a subject of debate (see
Section 3.6) .

As stated, failure probability calculations serve as an aid ín determin-
ing the rísk of ínundation of the region Èo be protecÈed. However, as
risk equals probability time consequence, also the consequences of the
inundation must be treaÈed in great detaíI. From studies on the problem
it emerges that ÍnundaÈion should be specifíed in terms of the inunda-
tion depth, the inundation speed and the inundation duration t3.1]; the
quality of the arater (salt of freshwater) arso prays a part.
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Thís means Èhat inundation must be expressed ín the total rates of "flow
through" of "flow over'r (determined by, among other factors, the length
of the overflow, the width and depth of the breaches, the adjacent
ground levels, and the sea or river water levels) and ín the duratíon
Èhereof.

Besides failure of the flood defence structure, the properties of the
region to be protected are important for determining the anticípated
inundaÈion behaviour. This relaÈes, among other feat.ures, to the area
and topography of the regíon, the polder water level and the purnping
capacity.

3.L.2 Arransement of Chaoter i

Despite the ebove-mentioned coroplexity of estimating the probability of
inundation, the trtorking Group can claim to have achieved progress in
respect of a number of requiremenÈs, which has in part already resulted
1n scope for practical applicatÍon. In such cases a greatly scheuatized
siËuation has always been adopted on the basis.

In this chapter the l.Iorking Group's activities will be described in so
far as they relate to Èhe failure probability calculations for the
element "dykestt. As for the element'rd'nes'r the reader is referred to
chapter 8. chapter 4 deals with the analysis of Ínundation.

Of the nany linit states assocÍated with the water-retainíng capacity of
dykes, a lirnited number have been studled by the l,Iorking Group. These
are substantially the same lirnÍt states as those incorporaued in the
worked exemple (Chapter 7), naurely:

Overflowing and wave overÈoppíng (Section 3.2) .

Macro-instabilíty (Section 3.3. ) .

Micro-ínstability (Secrion 3.4).
Piping (Section 3.5) .



- 58

For each limit state the mechanism is briefly outlÍned., followed by a

review of the Present position as to the formulation of the reliability
function. In this context, points requiring aÈtention ("blank spots")
with a view to further development will also be mentioned. Furthermore,
separate attention is focused on the effecc of exceeding the relevant
lirnit state - in view of the possibility thac this may induee other
lirnit states and, moreover, in order to establish the rink-Lp with
inundacion.

Finally, ín section 3.6 of thís chapter, Ëhe length effecr is con-
sidered, j-n connection with the correlation of some parameters in the
longitudinal direcrion of rhe dyke.
As already noËed, tshe various linit states are found in parts to be
decermined by the stme strength and load parameters, so that correlated.
limit staËes exist. For a further examination of this aspect the reader
is referred to the worked exanple (Chapter 7).

Overflowíng and wave overtoooinc3.2

3 .2.1 Mechanism of overflowing
rf the !¡ater level at a dyke is higher than the crest
ingress of water into the regíon protected by it will
inundation may .occur (see Figure 3.2.I).

of the dyke,
increase and

Fig. 3 .2 .L: Mechanism of overflowing.
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The mechanism "overflowing" (overtopping by high lrater level) will be
dealt with for a situation in the Delta region of the Netherlands
(south-western part of the country). This mechanism is of importance
with regard to dykes which are situated "facíng away from the wind",
i.e., are not exposed to wave action.
For locations in the regions upstream of the Èidal parts of the country-
's major rivers the itorking Group has (hitherËo) considered only a

highly schematized case. I^IiÈh regard to this the reader is referred to
ChaPter 7 of this interiru report. In so far as the transitÍonal region
between the non-tidal parÈs of the rivers and the Delta region is con-
cerned, the Llorking Group has not sEarted any activities.

l{hen the lírnit staÈe is exceeded, waÈer will flow over the dyke and
along the inner (landward) slope, so that other faílure mechanisms may
then be induced, as will be further consÍdered in section 3.2.5.
In the following sectíon only "overflowing" wíll be enwisaged. The dyke
will be deemed to remaÍn completely intact. The same holds for 'erave
overtopping" in section 3.2,4.

3.2.2 Reliabilitl¡ functíon for overflowing
I'Iith regard to the mechanism "overflowing" ít is invest.igated with what
probability the high water lewel at the dyke (H) w111 exceed the level
of the crest (h). The high waÈer level to be taken into account is found
by sunmaÈion of the sÈorm tide level S.*, (which in turn ls a summation of
the astronomic tidal level and the wind setup) and the effects of
seiches, gust bumps and squall oscíllatíons t3.2]. One also has to take
account of the expected relative rise of the sea level and settlement
effects.

The reliability funcÈion then becomes:

z-h - sa

where:

s -B -z -z-p -o -r -k (3.2.1)

h
a

Sv
S

P
B

o
zt

construction height (crest level of the dyke)
storm tide level
uncertainÈy in S., due Èo extrapolatÍon
effect of seiches, gust bumps and squall oscillations
relative rise ín sea level
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ZO - effect of subsoil settlement and consolidation of the dyke fill
material itself

Delta region the frequency distribution of the sÈorm tide revel
the dyke can be found by statistical exurapolaÈion of high water
13.21. In general, Ëhis frequency distribution can be nodelled

Freq (S.,, > S) : exp {-(S s) /at (3 .2.2)

where:

Freq(S., > S) :

In the
Satv
levels
by:

Seo'

frequency per year with which the storm tide level S

exceeds the level S

constants deduced fro¡n the obsen¡ations for each location

The above-nentioned frequency distribuÈion is, for frequencies of less
than 0.1, sometimes used as an extreme-value distribution for the prob-
ability that a partícular storm tide level v¡ilI be exceeded ín a year.
Alternatívely, a complementary Gtunbel distribution may be used for the
PurPose:

P(Sv > S) - 1 - exp[-exp(-(S

where:

P(Sv > S) - probability thar
year.

so),/a) I (3.2.3)

Èhe storm tíde level S is exceeded per

The results of these two alternative approxinations do not differ much
from each other.

In eonsequence of the extrapolation to very low exceedance probabilities
an uncertainty is íntroduced [3.2], part 1, pp. 30, 31 and part 3, p.
43). Provisionally the l.Iorking Group proposes nodelling this uncertainty
or variation (Sp) by adopting a normal distribution with a mean value 0

(zero) and a standard deviation which depends on the sÈorm tide level:
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ø(Sp):ao(S-"o) (3.2.4)

where a^ and c^ are constants. According to the guidelines given by theoo
Delta Commission, in the absence of wave action the effects of seiehes,
gust burnps and squall oscillations should be cornpletely catered for by
the extra height (safety margin) provided. For want of statistical data
there is, in the l.Iorking Group's opínion, no alternaÈive but to moder
the effects of seiches, gust bunps and squall oscillations with the aid
of the normal distribution while mean values and standard deviations
should follow from local measurements.

The Delta Co¡nrnission indicated that the relative rise in sea level may
be between 0.15 and 0.2 m, calculated over the last century. Because of
this uncertaÍnty the relative rise in sea level can be conceived as a

stochastic variable.

The Derta commission, however, required thau',... in the event of a
water level equal to the design leve1 there should still be cornplete
safety against breaching" 13.2, Part l, p. 36]) and accordingly recon-
mended: ". .. the crest level should be such that, in the event of water
levels equal to the design level, no appreciable overtopping is to be
expected" 1.3.2, Part 1, p. s6]). Since Ëhe crest lever (h) under the
influence of (tíne-dependent) settlenent, soil consolidatíons and inac-
curacíes in constructing the dyke is a stochastÍc quantity, a
probability distribution rsill also have to be assigned to it. This
probability distribution will be bounded on one side by the construction
height (barring tectonic phenomena, the cresÈ level will never be higher
than that actually achieved at the time of construction) and on the
other side by inspection and mainÈenance, i.e., if part of the dyke
subsequently becomes lower than a certain minimum, its height ¡rill
certainly have to be raised. To what extenÈ it is indeed meaningful Èo

take account of the above-mentioned bounds to the probability distribu-
tion of the crest leveI, and what probability distribution can most
suitably be adopted, is currently being studied by the l{orking Group.
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3.2.3 Meehanisms of r¡ave overtoppine
As wich overflowi-ng, so also wich overtopping of a dyke by waves ingress
of water into the region protected by ít will increase (see Figure
3 .2.2) .

Fig. 3.2.2: Hechanism of l¡ave overtopping.

If a dyke is exposed to wave action its safety margin should in general
be greater than in Èhe case where no wave actÍon occurs . Ì.Iave runup is
now also taken into accounc in dyke design in the non-t.idal upstream
riwer regions and in the Ëransitional region. In the following treatment
of the subject only locations in the Delta region will be considered.
Attention will be confined to the mechanism "wave overtopping" as such.

3 -2.4 Reliabilit-v function for wave overtopping
If no ltrore than a niniroal âmounE of overEopping is accepted, the con-
struction height according to the Delta Comrnission's guidelínes is found
by adding to the terms statred in the preceding treatment of overflowing
a height corresponding to the "2t rvave runup". In chis case Ehe
rellabillty funccion becornes :

z-h
a

The parameters menEioned in Seätion
tide.level, are applicable in this
the Delca Conmissíon,s guidelines t

bumps and squall oscillations nay be

(3 .2.s)

3.2.2, which determine the storm
case, too, excepÈ that according to
3.2) the effect of seiches, gusr
reduced.

zu - 22*
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Difficultíes in connection with taking account of the 2t wave runup are
due to:

Deter¡nining Èhe lrave spectrum just in front of the dyke (more par-
Èicular1y ín the case of shallow foreshore depth).
The relation beÈween the storm tide level and the wave spectrun just
in front of the dyke.

Re 1)

The formula proposed by the Delta Gommission for calculating the 2t
lrave-runup:

22*-8H"tan(c) (3.2.6)

was determined for a wave steepness of 5t and should, according to the
Derta cornmission's report, rr be used wÍth caution". The wave
spectrtrm just in front of the dyke is important Ín conjunction with the
degree of breaking, reflectfon etc. and these data are generally not
available.

Re 2)

The storm Èide level and Èhe wave runup are
given storm tide level, infornation on the
in front of the dyke would be desirable.
quantities be judiciously conbined.

both affected by wind. For a
associated wave pattern just
OnIy then could these thro

Bruinsma and Van de Graaf experimentally determined a water level/wave
height relation for the NAp -20 n depth conËour line near Hook of
Holland (L982> [3.3] *. Starting fror rhese findings, Vrijling (1983)
t3.4] established a computational nodel of wave runup (incorporating
possible breaking of the rraves on a shallow foreshore), based on the
wave runup formura of d'Angremond and van oorschot (196g) t3.51. From
this calculaËion it emerged that the wave steepness is of fairly najor
influence on the probabÍlity of failure. the example given below com-
prises a calculation in which the above-mentioned parameters have been
incorporated.

* NAP - Normaal Amsterdams Peil - Standard Amsterdam Datum.
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The l^Iorking Group considers it desirable to make efforts to remove the
said difficulties also for locations other than at Hook of Holland.
If the dyke is of adequate sËrength and has an impermeable revetment, a
greater âmount of wave runup than the 2t runup proposed by the Delta
Commission could conceivably be allowed. Indeed, the Delta Conmission
itself already pointed this out. llhat requiremenËs the dyke revetment
should then satisfy, and what l/ave runup percentage will then be permis-
sÍble, will have to be the subject of further study. rt wÍrl also have
to be investÍgated whether ¡trore particularly ín that case the wave runup
or the overtopping of the dyke by waves (the volume of water that on
average washes over the crest) should be introduced as the determining
parâmeter.

Example

This example is largely been adopred from t3.41.

The constructÍon height (crest
is perpendicular to the wínd
action is, according to
(deterministically) determined

Storm tide leveL (LO-4/year) (m above
2t wave runup (n)
Surges, gust oscillations and seiches
Settlement and consolídation (n)
Relative rise in sea 1evel (n)

Construction heíght (n)

level) of a dyke of which the allignemenr
direction and which is exposed to wave
the DeIta Commission, s guidelines,
as follows:

NAP)

(n)

S -NAP+v
22* -
B

o
z.k
zt

5.00 n

7.33 ur *
0.41 n
0.50 n
0. 10 rn

Foreshore bottom level: NAp -6 rn. Storm tlde level:
Breaker criterionr H"r"* - 0.5 x \{ater depth,
gíves H__-__ - 0.5 x (t + 6) - 5.5 n.- smax
28 wave runup calculated r+¡ith formula (3.2.6) gives
Zno -8 H- ran e : 8 x 5.5 " l : 7.33 nz\ s -- -'- -- 6

, - NAP + 13.44 rn

NAP +5 N.

(tan c - L/6):
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The sËorm tide leve1 (Sv) has been deteruined from water level gauge
readings at the roe of the dyke. The signlficanr wave heighr H_ is
linrited by the breaker criÈerlon (see Figure 3. 2.3) .

gauge

Flg. 3.2.3: Cross sectlon of the dyke.

The data for a probabiristic carculation are as given in Table 3.2.1

Table 3.2.L: Overview of the basic variables

1) exp{-exp (-(s-1.98) /0.33))

* The wave run-up formula Z

(see 3.2.8). The average
- 8 H tan o is valid for as

rrave steepness adoptèd here
Ì.tave steepness of 5t

is considerably less.

forshore

Distribution It o

Construction height
Settlement and consolidation
Relative rise of sea level
Storm tide level
Uncertaj.nty in S__ due to
extrapolation

(h^)
d

(zk)
(zr)
( s'rr)

(sp)
Seiches, gust bumps and
squall oscillauions (Bo)

Uncertainty in H, at 20 rn

depth contour (Sn)

Llave steepness (G")

Norma1

Normal

Normal

1)

Normal

NormaI

NormaI

Normal

13 .44 ¡o

0.5 m

0.1 m

2.17 n

0

0.4

0

0.0375 *

m

m

n

0.1 m

0.1 m

0.03 m

0.423 m

9.11*(SV- 2.25) n

0.1

0.69

0.006
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The following relationship between the average value of the sígnificant
wave heíght at the NAP - 20 m depth contour rine (H"rg) and the storm
tide level based on gauge readings has been empirically established *.

Hs2o : JQ.+S *

In this formula,
2.50 n, Sn is a

variation in the

Sv - 7.67) + 4.50 + Sn [nJ (3 .2.7)

which is valid for storm tide levels higher than NAp +
nornally-distributed stochastic variable wíth which the
measured results is taken into account.

The wave steepness ís consÍdered as stochastically
The wave steepness, however, is defined as:

^ Hs2O
fi-s Ls2o

where L"2O id the mean lengËh of the
the NAP - 20 n depth conËour lfne).
lated [3.6], so that to consider
variable ís essentially incorrect.

independent from H"

(3.2.8)

significant wave in deep \rater (at
Besides H"rO and Ls2O r"y be corre-

G" as an independenÈ stochastíc

on the foreshore a "rocar" wave (Hr) is generated by wind. This locally
generated wave is deened not to affect the wavelength of the signifícant
wave coming from the NAP - 20 rn depÈh contour line. The t\do tüaves are
allowed to be combined as follows:

tr-/("3r0+u2") (3 .2.e)

Here e value of 1 n is assuned (deterrninisticarly) for H".

On the shallow foreshore the last-mentioned sÍgnificant wave will break
if its height exceeds 0.5 tiroes the local water depÈh:

In this worked example Ëhe relationship found by Bruinsma (1982) has been
used. This relatfonship was empirÍcally established for the NAp - 20 n depth
contour near Hook of Holland.
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H -0.5?k(S +D)smax 'v (3.2.10)

-where D is the depth of the foreshore belor^r NAP. Here a value of 6 m is
(deterministically) assumed for D.

It is further assumed that the significant wavelengÈh L"20 do.s noÈ

change on the foreshore.

The breaking of high waves due Èo linited water depth is modelled by
introducing a 'tcensored" distribuÈion for the variable H"r"*. rn so far
as significant \üaves are lower than H"*"* the distribution for H" is
adopted. Ilaves higher ahm H"r"x are modelled "" H"r"*.

The 2t wave runup is nodelled as (see [3.6]):

,2+ : 1.7s "ÍGL--L;ÏF ran c (3 . 2.11)

A value of l/6 is (deterninistically) assumed for the slope angle of the
dyke.

The computatíonal procedure diagran will then be as shown ín Figure
3.2.4.

The results of the conputation are given under DESIGN POINT in Table
3 .2.2.
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Fig- 3.2.4: computational procedure diagram for determining
the reliability funcrion.

l-ruH"-1n
z?
z* as demanded bv the

:i 
computlns p.oir.""

Bp
s3
ch

+s <2.5

Hs2o - "/ 13.a5*1Srr+SP)-7. 67r+4.5

Hs20 - J G.ttS*2.5-7.67)+4.5

Hs2o-H"20+sh

Ls - Hs2olcs

- J <nzro+ul>

H - 0.5*(S +S +D)sfqax - v P

22" - L.75l6* /-iH;*Ls)

Z - ha-Zk-Zr-Sv-Sp-Bo-Z2t
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Table 3.2.2: Results of failure probability caleulation for ¡save over-
topping.
Wave steepness (randorn) :

ûêar¡ 3.75t Standard deviation 0.6 t
Starting values

x(r) p(r)

+1. 34400E+001

+5.00000E-001

+l_.00000E-001

+6 . 174408- 001

+0.000008+000

+4. 00000E- 001

+0.00000E+000

+3.75000E-002

ø(r)

.00000000004

3.87672303823

L.96209sLL4s4

2 .30s97L37 668

.010556088182

normal

distribution

AH +1.34400E+001

zK +5.00000E-001

RZ +1.00000E-001

sv +4.50000E+000

sP +0.00000E+000

B0 +4.00000E-001

SH +0.00000E+000

cs +3.75000E-002

Design point

Reliabílity Function Z :

Mean value of Z :

Standard Deviation of. Z:

Re1iabíliÈy Index p :

Probability of Failure :

X(I)

AH +L.3428247E+001

zR +5.LL752608-001

Rz +1.01057738-001

sv +3.1909050E+000

sP +2.68592L3E-002

BO +4.LL75260E-001

sH +3.8L63744E-001

cs +3.L289430E-002

1.000008-001 yes

1.00000E-001 yes

3.00000E-002 yes

1.17633E+000 no

2 . 47500E- 001- yes

1.00000E-001 yes

6.90000E-001 yes

6.00000E-003 yes

p(r)

+1.34400E+001

+5.000008-001

+1.00000E-001

+1. 66333E+000

+0.00000E+000

+4. 00000E- 001_

+0.000008+000

+3. 75000E-002

ø (r)

+1. C0000E-001

+1.00000E-001

+3.00000E-002

+7.805418-001

+1.03500E-001

+l_.000008-001

+6.90000E-001

+6.00000E-003

constitution
of the var. ($)

2.s975E.-OOL

2. s97sE-001

2.3378E.-OO2

7.20298+OOL

1. 2665E+000

2. s97sE-001

5.75308+000

2.01-498+001
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Table 3.2.3: Resulus of failure probability calculation for wave over-
topping.
Llave steepness - 5t deterministic.

Starting values

AH

ZK

RZ

sv
SP

BO

SH

GS

X(T)

+1.34400E+001

+5.00000E-001.

+1.00000E-001

+5 .00000E+000

+0 .00000E+000

+4.000008-001

+0.00000E+000

+5.00000E-002

¡¡(r)

+1.34400E+001

+5 .00000E-001

+1_.00000E-001

+1.78260E-000

+0.000008+000

+4.00000E-000

+0.00000E+000

+5.00000E-002

ø(r)

1.00000E-001 yes

1.00000E-001 yes

3.00000E-002 yes

1.30172E+001 no

3.02600E-001 yes

1.00000E-001 yes

6.90000E-001 yes

0.00000E+000 yes

normal

distribution

Design point

Reliability Funcrion
Mean value of Z

Standard Deviation of
Reliabiliry Index p

Probability of Failure

x(r)

AH +L.3424L54E+001_

zK +5.1584635E+001

RZ +L.OL426L7E-001

SV +4.L454858E+000

sP +L.2O2LO33E-001

Bo +4.L584635E-001

sH +4.0543202E-001

cs +5.00000008-002

.0000000000s

s.84LL6L96574

L.962702L4366

3.1101668337s

.00093497 6242

z-

z

¡r(r)

+1. 34400E+001

+5.000008-001

+1.00000E-001

+9.20359E-001

+0. 00000E+000

+4.000008+001

+0.000008+000

+5.00000E-002

ø(r)

+1.00000E-001

+1.00000E-001

+3.00000E-002

+1. 07998E+000

+2.08503E-001

+1.00000E-001

+6.90000E-001

+0. 00000E+000

constitution
of the var. (t)

2.5959E-001

2.59s9E-001

2.3363E.-002

9.2L928+OOL

3 .4363E+000

2.59598-001

3. s692E-000

0.0000E+000
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3.2.5 Effect of exceedíng the línit states
L7ater overtopping the crest of the dyke will result in flooding of the
proÈected region and may inítiate oÈher failure uechanisms of the dyke.
For example, water flowing down over the inner slope may penetrate into
it, as a result of which ground-water flow may occur partly saturated
and partly unsaÈurated in the protective covering of the inner slope.
Slip of the inner slope rnay then occur in consequence of the pressures
set uP by such flow (this is called the "Edelman effect"). Also, water
Penetrating into the covering layer rnay displace air from within it
towards the core of the dyke. As a result of this - whether or not Ín
conjunction wiÈh a rise in the phreatic surfaee (water table) in the
dyke - the intergranular pressure uay be reduced so that the shearing
resistance needed Èo maintain stability of the ínner slope is no longer
available; or air compressed by the penetrating water nay find a path of
escaPe through the protecÈíve covering on Èhe crest of the dyke, so that
cracks are .formed ("Lisse effeetr').
Erosion of the inner slope rnay be caused by overtoppíng water which
flows down this slope. In consequence of erosíon and the mechanisms
possibly inÍtiated by it (e.g., macro-Ínstability) a gap and flow chan-
ne1 may develop. The development of this phenomenon as a function of
tine (which affects the inundatÍon speed) has not yet been sufficÍently
studied. In the llorking Group's opÍnion it is a problern thaÈ merits
investigatlon wirh high prioríty.

The l'IorkÍng Group has not (yet) lnvestigated the effect of overtopping
on the nother failure mechanisms' mentioned ín the preceding paragraph.

3.3 Macro-instability

3.3.1 Mechanism

A slope forning the transiÈion beÈween two ground levels is maintained
in position by nobilization of the fnternal shearing resistance (or
shearíng strengÈh) of the soi1. In the absence of (suffícient) nobi-
lizable shearing resistance the slope will slide, i.ê., it becomes
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unstable. The term @'-í-nstability ís applied to denote that slope
failure occurs along a Large failure surface, as opposed to micro-
instability, by which a rnuch more local phenomenon is understood (see
SecÈion 3.4) .

In practiee, a slope is checked for macro-instability by considering the
equilibrir¡m of moments aeting upon a mass of soil bounded by the ground
levels, the slope and a potential failure surface (failure rnode). The
soir mass (see Figure 3.3.1) is acted upon by gravity and externar
forces (striving to induce sliding along the surface through Ëhe so-
called overturning moxnenÈ M") and, on the other hand, by the shearing
forces which is rnobilized along the surface (striving to prevent sliding
via the so-called restisting moment Ma). The shearing resistance is
composed of contributions from Èhe cohesíon c' of the soil and from the
internal shearing resistanc" ";tE g, where ø, rris the effective soil
stress perpendicular to the sliding surface and g the angle of internal
fríction of .the soil. Ifhen the resisÈing moment is equal to the over-
turning momenc, the soil mass is in equilibrir¡m (a stable condition).
Assuming the cohesion and the fnternal friction to be involved in the
sarne degree (as envisaged in Ëhe method of, among others, Bishop and
Fellenius t3.71). This can be written as:

Mr:RtoJfu (c'+o' .x9p)dCb-Ma (3.3.1)

l¡here CO synbolically rePresents the faÍlure surface (normally a círcle
with r:adius R). The quanti:uy L/F, is the degree of nobilizatÍon, while
Fa is called the stability or equilibrium factor. In the merhods of
caleulation the Potentially failure mode is divided into a number of
vertical slices. The integral (3.3.L) can then be written as a su¡nmation
over slices (see Figure 3.3.la). The effective normal stress on the
sliding surface is calculated by consídering the vertical force acËing
on a s1ice. In Bishop's method, which is most extensively in use for the
analysis of slope stability, the forces exerted by the adjacenÈ slices
are assumed not to result in a verÈical force component acting on the
slice under consideration. For an assumed failure surface, the stability
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factor can be solved by means of an iEerative procedure from the dis-
cretized version of equation (3.3.1). Ihe failure surface corresponding
to the lowest stability factor is found by systematic trial and error.
This circle is called the critical failure círcle; the assocíated
stabilicy factor is called the stability factor of Èhe slope:

F-ninF-
].

(i - 1 n)

where F is the stability facÈor of the slope and F, is a

stability factors Fc(i) corresponding to the circles v¡hich
represent the infinite set of all potenÈial failure circles

(3.3.2)

finiÈe set of
satifactorily

cion tgÉ

n

Fig. 3.3.1: Fallure nechanfsm

discretization by

for instability of a slope and

dívision into slices (a).
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The magnitude of the stability factor depends on a large number of
variables, including geometry of Èhe cross-sectional profile of the
slope and of tlrr soil strata, dead weight of the soil and external
Ioads, shearing strength parameters of the soil and (excess) porerrauer
pressures, if any. In principle these quantities are uncertain variables
and therefore the stability factor, too, is an uncertain quantity. rn a
probabilistic analysis the variables mentioned can be conceived as
stochastic quantities. From the probabitity distributions of these so

called basic variables, the probability distribution of the stability
factor can be deríved, and fron this in turn can be deduced the prob-
ability that the stability factor ís less then 1.0. Provísionally this
will be designated as the probabillty of insrabiliry of rhe s1ope. This
will be further consídered Ín Section 3.3.4.

The uncertaínty in the variables is sometimes expressed by a relative
Eeasure of variation, n¡mely, the coefficient of variation, which is the
ratio of the standard deviation and the mathematical expectatíon. T'he
coefficients of variation are not equally great for all the variables in
question and not every variation equally affects the stability factor.
Figure 3.3.2 gives an idea of the contributíons that the various basic
variables make to the variance of the stability factor. fhis diagr¡m has
been adopted from Aronso t3.81. Although, strictly speaking, this dis-
tributíon applies only to the case investigated by that author, there is
a strong suggestion that especially the variables which affect the
resisting moment dominate the uncertainty of the stability factor. The
most important of these are the poreweter pressures and the shearing
strength properÈies of the soil, parÈicurarly the cohesion.
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Fig- 3.3.2: contrlbutions to Ëhe variance of the stability factor
(adopted from ref. t3.81).

The firsc studies of the stabÍliËy of slopes in a probabilistic context
date fron the early 1970s (tlu and Kraft [3.10], cornerl (s.1ll). since
then Èhere have been numerous publicaÈions in the international litera-
ture, among nrhich Ehe following rnay be nentioned: Alonso t3.g], Morla
catalan and cornell [3.L2], Tang yucemen and Ang [3.13], vanmarcke
[3.14], Veneziano [3.15], Matsuo and Asaoka t3.161.

Wichout exception these sËudies relaEe to clrcular failure sr.rrfaces and
to Bishop or Fellenius-cype calculation procedures. Evidently there
exists deep-rooted confidence in the correctness of Ëhese models.
Stability facÈors calculated with Bishop's sliding circle method
generally differ a IiÈtle, or hardly at all, fron those calculaÈed by
other methods (e.g., analyses accordíng to spencer, MorgensÈern and
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Price, or finite element analysis) in so far as determinstic calcula-
tions are concerned. On the other hand, so far as is known, the various
methods have not been investigated with regard to theír agreement in the
results This aspect therefore offers scope for Ínteresting investiga-
tion, which may moreover provide indications of the uncertaínty
associated wíth the s1Íding circle mode1.

3 .3 .2 Reliabilít-v funcrion
It is provisionally assumed that a potential failure mode associated
with a failure circle will or wíll not actually develop if the stability
factor associated with this circle is, respectively, smaller than or
larger than 1.0. The probabillty of occurrence of such a failure mode is
therefore equal to the probability that the associated stability factor
is less than 1.0:

P(fi) - P(F. < 1) n)(i - 1

where f, represents the event "the failure mode associated with
occurs". The relíability function for the failure node can be
éÞ.

z.-F.-11t (i-1 n)

(3.3.3)

circle i
written

and the

Pz.
^t_tt- - 

-
'1 oz.

1

corresponding relÍability index:

(i-1 n)

(3.3.4)

(3.3.4a)

where ¡r and ø respectively denote the expectati.on and the standard
deviatíon. In analogy with the definítion of the stability factor of the
slope the probability of insrabiliry of rhe slope is defined as:
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The relíability function of the
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slope can be written as:

(3.3.s)

(3.3.6)

(3.3.7)

z-F -

and wiÈh the definitíon (3.3.2) it follows that:

Z : nin (Fr) - 1 - nin (F, - 1) - mír- Z, (3.3.6a)

This is a fairly complex reliabilíty function because of the awkward
non-linear character of the "minimum" function. Actually equation (3-
.3.6a) indicaËes that the failure modes associated v¡iËh the sliding
circles form a series system (see Chapter 2):

nn
P(f) : P(nÍn.Zi'.0) : P(.U. Z. < O) - P(.U- fi)

1-I i-l

where the operation U stands for union of events. The reliability func-
tions Z, of this series system are all correlated to a greater or lesser
extent. The largest contributions to the system failure probability are
to be expected from the slidíng eircles having a high failure probabil-
icy. A substantial serÍes effect wíII be presenr lf rhe reliabilÍty
functíons of these circles are weakly correlated with one another. It is
often assumed that the influence of the series effect for slopes will ín
general be slight. Besides the circle rvith the lowest reliability index
(caI1ed the critical circle in the probabilistic sense) rhere is
generally only a snall nr.¡mber of circles that are not strongly corre-
lated with the crftical circle and l¡hich also have a failure probability
that is not negligable. The failure probability of the slope is taken as

Ídentical rsith the failure probability of the sliding circle rared as
critícal in the probabilistic sense. Incidentally, it should be noted
that this circle does not necessarily coincide with the slidÍng circle
rated as critical in the deterministic sense, i.ê., with the circle
associated nrith the lowest deterministic stability factor.
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Note that the evenr Fi a 1 is equivalenr to Èhe evenr 
"Ïî* 

a 
""r, 

where

"ii" 
is the maximu¡n nobilizabLe resisÈing moment for the sliding circle

i under consideratíon. An equivalent definÍtion of the reliability
function for a sliding circle i is therefore:

z. : MIn?x1E]- Ma1 (3.3.8)

3.3.3 Variation of the basic variables Ëo be taken into accorrnr
The variation of the basic variables is determined from measurements in
the fíe-d (geonetry variables, porewater pressure) or in the laboratory
(shearing strength, mass denslty). By definition, these (point) measure-
ments yield the variation as it manifests itself from point to point in
the fíeld (poinr variarion).

The failure mechanfsm is actually a parallel system in ryhlch local
variations .of sqil properties are at least partly averaged out. The sa,ne
rnay apply to other basic variables.

Because of this it wiII, in a reriability analysis, have to be ensured
that this averagÍng effect is properry taken into account. rn most
calculation procedures this is done by reducing the point variations.

It is possible to indicate theoretical relationships for the ratio
between the nagnitude of point variaÈion of a variable and the magnitude
of variaËion of the value thereof averaged over a volume under con-
sideration. BesÍdes being dependenÈ on the nagnitude of the averaging
domain, this ratio is dependent on the variational pactern, which is
expressed in the autocorrelatíon function (Vanmarcke [3.17]). Although a
few indications relating to the auto-correlation function of some soil
properties are known from the literature and although it ís possible to
develop some conception of these on the basis of more or less tentatíve
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reasoning (Calle [3.18]), it must be said that in fact little is known
on the subject. Also because of the importance of the autocorrelation
for the length effect to be discussed in Section 3,6, research in this
field ís needed. I'Iorking Group 3 of the TAI.I recently initiated a project
into the spaÈial auto-correlaÈion structure of soil properties.
As for the determination of the averaging effect there is also another
matter involved. Even if the autocorrelation function is already known
for the warious basic variables, 1t Ís still necessary to indicate a

relevant measure for the width of the failure mode mass in the lon-
gitudinal direction of the dyke. It ts possible to establish estirnates
for this width with the aid of a somewhat more refined nodel for the
failure mechanism associated with nacro-instability (Vannarcke [3.14],
Calle [3.19]). The estinated width is, incidentally, again dependent on
the auÈo-correlation funetion. Apart fron that, the length effect and
the effect of the fínite dimension of an instability (conÈributíons of
the end section surfaces to the resisÈing moment) are íncorporated ín
these refined models. The averaging effect is consistently taken into
account in the model . However, Ín order to keep the - already quite
complicated - first step to an integrated safety analysis as simple as
possible, these models have not yet been applíed in the worked s¡.omple
of Chapter 7.

3.3.4 Effect of exceeding the limit state
The event "Z < 0" is referred to as "exceeding the linit state of
stability". In the worked example relating to a river dyke (Chapter 7)
thls event is assr¡med to imply that ínstability actually occurs and that
it is of such extent that Ít leads dírectly to inundation of the
protected region. Both assumptions are debaÈable.

That a stability factor less than 1.0 need not necessarily result in
actual instabíIÍty cen be demonstrated with the aid of a refinement of
the computational model in which the contributions of the end surfaces
Èo the resisting moment of a soil slide of finite length are also taken
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into account. Due to these contributions the probabilÍty that a failure
of finiue width will occur is less than the probability that Èhe
stability factsor (in the conventional sense) is less than 1.0. IÈ is to
be noted, however, that in the definÍtion of the probability of unstable
behavÍour (according to equation 3.3.3) the lengÈh effect that would
resulÈ in a higher assessmenË of the failure probability is not included
(see Sectíon 3.6).

Nor does it follow at all necessarily that an actual ínstability r¡ould
Ëhereupon result in complet.e loss of functlon of the dyke. A failure not
leading to (any appreciabre) lowering of the crest lever of the dyke
does noÈ present any direct danger of flooding. rt can be said, however,
that the dyke has suffered a local loss of strength, so that the prob-
ability of disastrous loss of stabiliÈy 1n the event of a suffieiently
high water level may have considerably increased.

The suPPositÍon Ëhat loss of sÈabilíty must lead directly to inundation
danger is, it would aPPear, fndeed a conservative one, but not unrealis-
tic.

3.3.5 Effect of other mechanísms on macro-instability
the occurence of other mechanisms could lead to an increased risk of
macro-instabilíty and thus to a hígher probability of inundation than
can be expected on the basis of the nechanisn itself.

For example, the mechanism "overfrowingn need not necessarily lead to
catastrophic inundation of the polder if the rate of overflor,¡ is suffi-
ciently snall in relation to the waÈer storage capacity of the porder,
taking into account the reserve drainage pumping capacity. However,
overflowing water will infiltrare Ínto the inner slope of the dyke, in
consequence of which the reserve of strength agaínst macro-instability
drastically deereases due to saturaÈion (Ede1nan effect) or to air
inclusions (Lisse effect). Shou1d this lead to unstable behavíour of the
inner slope, the dyke could be breached and catastrophic inundation of
Èhe polder occur in consequence.
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A sirnilar Iine of reasoning can be developed with regard to micro-
instability. Characteristic of this rnechanism, as formulated in Section
3.4.3, is that initial micro-instability leads to scour of the inner
slope of the dyke until a state of equilibríu¡n is reached, by which tine
the crest leve1 of the dyke uray or may not have been lowered. In the
latter case Ëhis mechanism is assumed not to result in a dyke breach;
but it is conceivable that an fncreased probability of macro-instability
will occur in consequence of scour of the inner slope.

In the l.Iorking Group's opinion the effect of such "trigger" mechanism
calls for further investigation.

3.3.6 Development of phreatic waÈer pressures in a river dyke during a

flood wave

Because of the importance thereof
behaviour of the inner slope, in
considerable attentÍon has been pald
model with which the tíme-dependent
a function of the water level in the

In Èhe first place, the effect of any revetment or protective covering
layer on the outer (ríverward) slope has been assumed to be negligÍble.
This asstrmption is not unconmon for Ëhe purpose of a deterministic check
of dyke stability. On the basis of assuned horizontal flow of Ëhe
ground-water in the body of the dyke (so-called DupuÍt assumption),
formulae have been deriwed for estimating the position of the phreatic
surface and the nagnitude of the seepage erea on the inner surface of
the dyke as a function of the tirne-dependent river head fluctuation
during flood flow. It proved possible greatly to simplify the fornulae,
so that the reliability calculations could be performed wíth very simple
formulae.

Later on, a computatíonal model has been developed in order to inves-
tigate the effect of a more or ress impervious covering layer on

with regard to possible unstable
the work"¿ g><ample for a river dyke

to finding a sinple computational
position of the phreatic surface as

ríver can be estimated [3.21].



3.4

-82-

the ground-water flow behaviour. By simplification Ít subsequently again
proved Possible to establish an extremely siurple procedure for
reliability calculations. In broad outlines, the computational model
comprises the following. The covering layer is assigned leakage
properties in which the thlckness and permeability of the layer, Èhe
degree of cracking and possible perforation, and leakage at the junction
between the coverÍng and the oÈher dyke and subsoil material, can play a

Part. AlI these influences are combined in a leakage factor for the
covering layer. I.IiÈh the aid of this factor and the potential head drop
across the layer, the leakage flow rate through the layer is calculated.
This flow feeds :he (horizontal) phreatic ground-water flow through the
core of the dyke. The posítion of the phreatic surface and the nagnitude
of a seepage area, if any, can be estimated frorn this. on the basis of
sinple assr.mptions ít was possible to make a theoretical estimate of the
Ieakage factor in the design presented in the worked example. It emerged
from the reliability calculatlons that the estimated probability of
instabillty was drasÈically reduced by considering a more or less Ímper-
vÍous covering layer. the effectiveness of such layers therefore
deserves further (enpirical) investigation.

MÍcro- instabilíty

3.t+.I Mechanism

Micro-lnstabilíty is a particular mode of slope instability, analogous
to the macro-stabílity nechanism (see Section 3.3). Micro-Ínstabilities
occur at the surfaces of slopes (above or under water) where soil par-
ticles are removed from Èhe slope under the ínfluence of the flow of
ground-water seeping out.
In the case of dykes this phenomenon usually occurs ín the lower section
of the fnner slope, during or shorÈly after high (river or sea) waÈer
levels. The area over which the ground-water emerges from the dyke is
called the seepage area. In practice, micro-instabílity occurs more
particularly in non-cohesive materials (e.g. sand). Deeper slips are
more likely to occur in cohesive materials (e.g. clay).
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The mechanism can be described with reference to considerations of
critical equilibrium on similar lines to those applicable to Eacro-
instability. However, in view of che small-scale character of the
phenornenon (washing-out of small soil elernents), it is usual Lo con-

sider, not the equilibriu¡n of moments, but the equilibrium of forces
parallel to the slope. The following wolume forces can be conceiwed as

acting on a small soil element located at the surface of the.slope (see
Figure 3.4.1):

- Effective weight
'/., - unit weight

- Force exerËed by

Thls flow force
lng at an angle p

(vertieal): ?r, - Io, ?w - mass density of water;
of wet. soÍI
flow : i ?, (i - hydraulíc gradient).
acÈs in the direction of Ehe ground-water fì-ow emerg-

wLth respecÈ to the horlzonEal.

Fig. 3.4.L: Forces acting on a voh¡me element aË the surface
of an earEh slope with oucflow of ground-water.

The resisting
shear stress I
the angle of
sËress at the

nforce" acting on the underside of the soil element ís the

, Èhe maximu¡n value of nrhich is ø' tg g, r¡here g denotes

internal friction of the soil and ø' the normal effective
underside of the element- The effective forces p' acÈÍng
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on the two side faces are assumed completely to conpensate each other.
Actually, this í.s correct only for a slope of infinite length in which,
on the basis of symneËry considerations, these forces are equal. From
the equilibriurn paralrel to the slope (see figure 3.4.1) with angle c it
can be deduced that the element ls stable if the following condition is
satis fied:

' .7w . cos (a - þ) * (1r, - 1*) sina
-i .7ïr sin (a - þ) + (fr, - fr) coso

The basic varíable
angle o of the slope

1t8ç (3 .4. 1)

3 . 4.2 Reliabilitl¡ funcrion
with the aid of fornula (3.4.1) the reliability funcrion can be derer-
mined for a nr¡mber of conditions:

1. Gror¡nd-water floying out of elope above water lewel
For water flowing out of a slope located above the water level ç,e
have i - 'tg a The ouËflow direcÈion is assr¡med to be horizontal (p
- 0) for which, according to formura (3.4.1), the most unfawourable
sítuation is obtained.
(Note: upward-directed flow on the srope abovewater level (p < 0) is,
because of the descending character of the phreatic line, for the
present assumed not the be real).
The variability of 'In for sand is relatÍvely small compared with the
variability of the frÍction angle p. Hence Èhe quoÈi er-t -lJ-tw _ can
be treated as a deterninistic parameter.
I^Iith the above assurnptions, and substituting ln/.lr- 2, the formula
(3.4.1) can be rewritten to give the reliability function:

Z:tE9-tg2a (3.4.2)

of the relÍabilÍÈy function are 1imired to the
and the internal frictÍon angle 9.

2. Gror¡rrd-water floving out of slope below sater lewel
under water it is, by definition, only possible to have perpendicurar
ouuflow (equipotential line perpendicular to streemline) ; therefore
þ: a - 9Oo. I{ith this relation and again substituting tn/tr:2,
formula (3.4.1.) can be rewritten as:
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z-tEç sin a
coso-i (3.4.3)

So in this case it ís found that, besides the angle a of the slope
and the soil strength parameter p, the magnitude of the gradient i Ís
also an important basÍc variable. .

In general, the gradient can be determined with the aid of ground-
water flow calculations. A number of nodels are avaÍlable for the
purpose, including eleetric analogue models, numerical models based
on finite element nethods (SEEP-GD, SOPHIA-TUD)* and on finite dif-
ference methods (MOTGRO-RI{S and others). Furthermore, for a number of
highly schematized cases there are analytical expressions available.

3.4,3 Effect of exeeeding the limit state
If the 1ínít state of micro-instabitity is exceeded, thÍs will not
necessarily lead at once to loss of the hTater-retaining function of the
dyke' In general, the material removed by scour wíll be deposited close
to the slope. Besides, scour wiII remain confined Èo that zone where the
stability criterion is not satisfied.
For slopes below the water level the sÈart of the scour and sedimenta-
tion zone is noÈ directly and stralghtforwardly deterninable. By means
of supplementary ground-water flow calculations for assumed sedimenta-
tÍon zones, however, it can be ascertained wheÈher the process sÈops or
proceeds further.
For slopes above the water level ít 1s possible to rnake an approxinate
estimate of the damage profÍle on the following assumptions (see Figure
3.4.2):

- The material cannot be removed by scour at a higher level than the
original point of exit on the seepage area (outflow level o).

- The material that is carried away wlth the flow is deposited at an
equilibrium slope of 9/2.

- The material located higher up can subside so that it attains the
natural angle of repose g.

Ri,IS : Rijkswaterstaat (pubric civir Engineering lforks Department); GD :
Delft Geotechnics; TUD - Delft University of Technology.
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ho= Crest

h = river water Ievel

The outflow level O is determined by
tion thereof T, the dyke geomeÈry,
(various layers composing) Èhe body
for the outflow leve1 relaÈing to
sectional profiles exisE [3.22]:

0 : f (h, T, ki, geometry)

The analogue or numerical models mentioned
dealing with more complex situations.

level
h¡= maximum IeveI of damage

original phrea tic line

Fig. 3.4.2: Damage profile due to micro-instability of a slope
above vater.

rn Appendix v of [7.1] the maximum lever of damage ho is, for simple
dyke geometry, expressed as a function of the outfrow level 0, the angle
of the slope a and the angle of internal friction g.
If it is assumed, as a closer definition of dyke failure due to micro-
instability, that failure occurs if the darnage level ho advances into
the crest level ho, then the following reliability function l-s obtained:

z:h hA (o, d, g) if o (3.4.4)

the river s¡ater level h, the dura-
and the permeabiliry k. of rhe

of the dyke. AnalyÈical expressions
hÍghly schemaxLzed dyke cross-

,L,,

(3.4.s)

are available for

equilibrium
slope ó' "dry"

earlier on
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It is to be noted that with regard to the damage profile described above

it is necessary also to check the macro-instability, particularly for
surfaces of sliding which pass through the crest of the dyke.
To summarize, it can be said that the liniË state of micro-instability
can now be described v¡ith reasonable accuracy. Besides, adequate
measures for the prevention of micro-instability are sinple to apply in
practice (reducing the steepness of a part of the slope or installing a

covering of filter naterial).
For these reasons further research into the mechanism of micro-
instability, which would then more particularly have to concentraÈe on
the damage profile associated with this, is not considered urgent for
the imrnediate fuËure.

NoÈe

In some publications, Íncluding 13,23), the terrn "líquefaction" is used
to denote micro-instability. This is incorrect in principle, however.
Liquefacuion occurs only if, in conseqr¡ence of an increase in the pore
water Pressures, Èhe effecÈive soil stresses become zeto (as in
quicksand).

3.5 Pipins

3.5.1 Mechanism

Piping under dykes occurs as a result of the entrainment of soil par-
tícles by the etosive action of seepage flow. Th" piping phenomenon is
preceded by the fornatíon of springs discharging water in which sand is
carried along. Such springs, which manifesË themselves especially at
períods of high water level retained by the dyke (see Figure 3.5.1), are
frequently to be observed not only al'ong river dykes but. also along sea
dykes (including Ëhose in the province of Zeeland I3.Z4l>.
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crater

Fig. 3.5.1: Sandbearing springs and piping.

The uagnitude of the seepage flow 1n waterbearÍng sand sËratum under a
dyke wiII depend on the difference between the rsater level reÈained by
the dyke (intake side) and the water level in the polder (ourflow side)
and on the geomelry and perrneabf.lity of the sand stratum (including
seepage path length and chickness of the stratum). For piping, the
Í-ntensity of the seePage flow (hydraulic gradients) at the outflow zone
is more particularly of imporËance.
IÙhether a particular outflor¡ gradient r¡i1I indeed cause piping is
moreover determined by the properties of the sand stratum, of which the
mean grain diameter D5o and the coefficienE of uniformity u : Dao/Dto
are consldered Ëo be the princípal parameters.

The existing criteria, such as Èhose applied in the Netherlands more
Parcicularly to the assessment of river dykes and aiming Ëo prevent
incipient piping, relate Ëo waÈer leve1 differences of long duration.
For this purpose the seepage flow can be conceived as steady flow.

For river dykes Ehis is an obvious approximation because the relevant
flood l¡aves are usually of several rreeks duratlon. On the other hand, ín
the case of sea dykes such long perlods of high water generally do not
occur. For this reason the danger of plping has hitherto been regarded

spring
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as not BreaL, despíte the fact Èhat a dyke breach which occured aÈ

Tholen in 1894 was probably due to piping.

Note

If Èhe inner slope of the dyke has an impervious coverÍng layer, piping
through this layer can occur only after it has ruptured. In this siÈua-
tion the conditon for piping Ís therefore that the rupturing criterÍon
is fulfilled. Thís occurs lf Ëhe water pressure u on the underside of
the covering layer exceeds the soil stress due to the wet weight of this
Iayer:

u))d. *r (3.5.1)1 'n-
1

where d, is the thickness and ry. the wet unit welght of the coveringt 'ti
layer.

3 .5 .2 Reliabilit]¡ functÍons

l. rnpirical nethod of Bligþ and Lane

In Èhe past, design rules were established - by, emong others, Bligh
13.291 and Lane [3.30] - with regard to piping and underflow as-
sociated with rock-fill d¡ms on the basis of a statístical analysis
of such structures l¡hich had and which had not failed. In connection
with thls a ninimr¡m necessary seepage peth lengah h under the struc-
ture was determined:

*^H (3. s.2)

where ÂH ís the Èotal head loss (overall dlfference in water level)
across the strucÈure and c is a coefficient depending on the type of
soil (see Table 3.5.1). For the definition of the seepage parh lengrh

\ and the nagnitude of the coefficienÈ c, depending on soil type,
the reader is referred to [3.25].

These rules, though orfginally íntended for structures such as dams ,

have - in the Netherlands and elsewhere - been applied also to

\-c
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river dykes for deterurining a minim'm necessary seepage path length
in the sand subsoir of an impermeable clay dyke and of any poorry
permeable top layers of soil on the forerand (more particularly the
winter bed of the river). For Dutch conditions Èhis comes down ap-
proximately to a seepage path rength Lk > 15 x aH (for exampre,
ranging from L2 x iaH for coarse sand to 1g x ÂH for fine sand, ac-
eording to Bligh t3.291 ) .

The entry point of the ground-water flow can be t.aken as being ro-
ca1 ed at the toe of the dyke or, if there are poorry permeabre rayers
on the foreland, at a distance L' - l . tan (LL/Ð from Ehe outer coe
(see Figure 3-5.2 t3.261). In rhis formula I - ak.D.c is rhe disper_
slon length, whire k denotes the permeability of the subsoil, D che
thickness of the water-bearrng stratum (aquifer) and c - d/k.*, the
resistance of the Èop rayer (wich thickness d and permeabirity k_-).

lrH out f low

rup t urin g

i' '= ¡i.ir'.tt,zI I

Fig. 3.5.2: DeÈermination of minfmum seepage paÈh length

I'Iith the aid of formura (3.5.2) rhe reliability funcÈion can be
written as follows:

z- -^H

where:

Lt - L' + L2 + B + d and c - .B - constant depending

on soil t¡rpe (see Table 3.5.1), according ro Bligh t3.2gl

L.tmx-
c (3.s.3)

(3.s.4)
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or:
Lr - (L' + L2 + B)/3 + d and . : .L : constant depending

on soil type (see Tab1e 3.5.1), aceording to Lane [3.30] (3.s.s)

AH - Total Head loss (difference in water level retained by dyke and

hrater level in polder).
m : Model factor taking accounÈ of the scatter in enpirical observa-

tions and also of the poorly representatíve character of those
observaÈions wiÈh regard to flood defences in the Netherlands.

The parameters L, and B are defined in Figure 3.5.2.

Table 3.5.1: Values of c adopted in the methods of Lane and Bligh
[3.2s].

T¡rpe of soil c-value Lane c-value Bligh

very fine sand or silt
fine sand
medíum-graincd sand
coarse sand
fine sand
medium grained gravel
gravel and sand
coarse gravel
boulders and gravel
boulders, gravel and sand
soft clay
medium-firm clay
hard clay
very hard clay

8.5
7.0
6.0
s.0
4.0
3.5

3.0
2.5

3.0
2.0
1.8
L.6

18
15

I2

:

4xo6

-

The fundamental objection to the meÈhods of Blígh and Lane is that
they do not take account of the poÈential pattern of the seepage flow
in a clear-cut manner. It is known from research into ground-water
flow thaÈ the seepage ínto (and therefore the hydraulic gradients at)
thê ditch at che inner toe of the dyke depends not only on the
seepage path length, but also on the thickness of the Lrater-bearing
sand sËratum (aquífer) and Lhe width of the ditch. For relatively low
thicknesses of the sand stratum (( approx. 6.0 n) the gradients are
considerably snaller than for large thicknesses, so that in such
cases the danger of piping is rnuch less. In the "model test
extrapolation" method described below, the effects of sand stratum
thickness and ditch width are explicÍtly taken into account.
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Hethod be-.s¿ on Dodel test results
This method is generally 

"pplicable to qTater-retaining structures
without the presence of vertical cut-off walls are installed. on the
downstrepm side, ê.g., dams or dykes on a permeable subsoil.
In general, there are four possible geometries, see Figure 3.5.3:

1. Covering layer on the inner
("landward") side of the
dyke is cornpletely absent.

2- Covering layer on the inner
sÍde is intersected by a
dicch.

3. There Í.s a hole in the
cowering layer on the Ínner
side.

4- Covering layer on the
side of th.: dyke is
corupletely present.

]-nner

Fig. 3-5.3: Standard dyke geometrics for assessment of the
limir scate of pipíng.

Research into the occurence of piping has meanwhire rnade such
Progress that for the urost hazardous cases the critical head Ioss
across a rrater-retaining structure can in general be determined,

'nanely, the cases a and Ë. Note that the criterion applied is the
insÈant when the spring which has been formed begins to carry sand
.a1ong.
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The method employed for deÈerminíng the critical head loss is based
on the results of tests perforrned with scale models. By means of an
extrapolation procedure for a parÈicular case, the result of a model

test can be scaled up to a result for a prototype situation. The
method is still in the provisÍona1 stage because the research has not
yet been completed. The effect of a number of uncertainties reuains
to be tested. rt certainly cannot lay claim Èo general validity,
since the geornetry of the prototype x0ay vary greatly, and the in-
fluence of this may be quite conslderable.
The exËrapolatÍon procedure for the cases a and b has meanwhile been
established, however. rn this approach the criÈical head loss, which
has been determined in a model test, is scaled up to give the criti-
cal fall associated with the proÈotype.
The critical head ross is the loss at which piping (forrnation of
sandbearing springs) begins.
ScalÍng-up proeeeds as follows:

:e (3. s.6)
P

where:

^H_ 
- critÍcal head loss in the prototJ4pe situatÍon;

P

^H- 
- critical head loss ln the noder tesc: it is a functÍon of them

t5¡pe of sand (DrO, U - DOO/D'O and rhe porosiry);
€ - scale factor determined fron the theoretical description of the

groundwater flow pattern of model and protot)rpe: it is a func-
tion of the seepage path length LU, the thickness of the
permeable stratum D and the rvidth of the botton of the ditch

The reliability function for the linit state
ing springs" Ís established as follows:

Z - e(LO, D, bs) * 
^Hm(n, 

DSO, U) - 
^H

"occurence of sandbear-

(3. s.7)
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The function of e and H,for a number of dyke cross-sectional
profíles are known [3.25].

3. Nev developnents

At the request of l.lorking Group 2 of the TAll , research inÈo the
theoretical modelling of the piping mechanism is being continued.
Besides the deternination of the ground-water flow pattern (see
facÈor e under point 2 above), it was attenpted arso to describe
the erosion process itself on the basis of a stability criterion
for the graíns at the surface of the píping discharge channers. The
first two-dinensÍonal treatment of the problen by GD is encourag-
ing. Further investigatlon into thls phenomenon, incruding
protot)æe verifícation tests, should be promoted. only after a
reasonably finialized "deterministic" transport model has been
established will further probabiristic treatuent be necessary.

- A second aspect, which has more particularly been invesËigated in
connection with pipÍng affecting the Eastern scheldÈ dyke s [3.24) ,

relates to the time-dependent character of ground-water flow. It
apPears that with lraÈer levels of relatively shorÈ duration the
seepage cannot develop into fully steady flow. This means that the
hydraulic gradienÈs Èhat occur, especÍally in the outflor¿ zo¡1e, are
generally snaller than when the dyke retains high water leve1 of
long duration. This being so, it is pernÍssible Ëo arlow larger
head loss aôross the dyke depending on the duration. For a par-
ticular type of Eastern scheldt dyke profile an analytical
expression has been derived for this t3.24). In the case of river
dykes this reductÍon factor is probably of minor imporÈance because
of the relatively long duraÈion of the flood waves.

Note

In those cases where an unínterrupted inpermeable covering layer is
Present on the inner ("landward") side of the dyke it is necessary first
to fulfil the rupturlng criterion before piping can occur (see also
Section 3.5.1) .
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(3.5.3) and (3

Z-> di*t.r. -u(0
].

The pore waÈer pressure u
water flow models (analogue

.5.7> should then be extended

(3. s.8)

should be calculated n¡ith the aid of ground-

Èo the determination of e ) .

3.5.3 Effect of exceeding the lirnit state
In considering the linit state of piping a distinction should be drawn
between the methods of Bligh and Lane, on the one hand, and the test
extrapolation nethod developed by TAI,I-GD, on the oÈher.
The first-rnentioned meÈhods are based on empirical data relating to dams

which did or did not fail. The criteria derived from these structuïes
therefore have reference to their complete collapse, directly resulting
in inundation of the region to be protected.
The method developed at the instanee of Èhe TAI.I , however, relates to the
predictíon of the start of sandbearing springs. In actual practice it
turns out that springs which initially discharge (nuch) sand may, after
a time, discharge only water. The deposition of a crater-Iike conforma-
Èion around the spring can - besides possible filtering action by the
coarse fractions of the soil stratun involved - be considered probably
to play an inportanÈ part in connection with this. This favourable
crater effect has been denonstrated also in the context of the nenr

theories that have been developed, as mentioned in Section 3.5.2.
Evidently a distinction must be drawn between a head loss whieh gives
rise to crater formation but after a tine results in a state of equi-
libríurn and a head loss (the criËlcal loss) which gfves rÍse to
conÈinuíng erosíon resulting in piping dÍscharge channels forning
"short-circuiting" flow paths. IÈ nay be expected that in the event of
such "short-circuiting" this wíll very rapidly (within a few hours) lead
to complete coliapse of the water-retaining structure. The length of
time needed for such a pattern of conÈinuous channels to develop (of the
order of hours, days or weeks ??) may be an important aspect, however.
Hence it is advisable also to include this erosÍon duratíon effect in
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theoretical studies. An additional cornplicating factor with regard to
this 1aËter aspect ís the possible ctrmulative effect: Èhe contribuÈion
of piping at lower values of the hydraulic fall then the critical value.

Length effect

Introduction
The Delta cornmis s ion' s des ign guidelines 1,3 .21 f or the economÍc
(frequeney) analysis state that a dyke fails if Ëhe r¡ater level
(possibry in conjuncËion with wave runup) is higher than the crest of
the dyke. Assessment of the stabilíty of slopes is based on sriding
surface calculations which are of a taro-dínensional character. In
neíÈher of these two categories of calculations Èhe length of the dyke
is taken into coirsideration.

In consequenee'of (tine-dependent) settlernent and consolidation,
horsever, the heíght of the crest wirl not everywhere (along the length
of the dyke) be equally high. Also, the shearing resistance adopted in
the slope stability calculations is not constant all along the dyke.
Actually, the length effect should be taken into account for aII the
mechanisms concerned. The parameters will have to be introduced as
stochastic quantities which are correlated along the length (and rnutatis
mutandis also in depth).

3.6.2 Discrete dyke sesments

Experience shows that overflowíng and rsave overÈopping of the crest of a
dyke occurs onry over a rimited length (though possibly in several
places along the crest) and that slidÍng soil Easses are also of linited
length. These circumsËances lead to the conception of dividing the dyke
into segments (or sections), all of which have a probability of failure
depending on the (stochastic) strength parameters (crest leve1, shearing
resistance, etc.). In this approach Ëhe dyke is conceived as consisting,
over its entire length, of a series system of consecutive segments. The
system fails íf, for at least one segment, the load exceeds the
strength. According as the dyke is longer, the probabirity of this
occuring can be expected to be higher.
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In the simplest case it can be assumed that the strength and load
properties of two dyke segrnents are completely correlated. The failure
probability of n segments is then equal to that of a single segrnenË.

In the opposite extreme case the properties of two dyke segrnents are
completely independenÈ (uncorrelated). lf the probability of failure of
one segment is known, the probability that n segments l¡ill fail can be

calculated as:

The stochastie parameÈers of dyke segments which are situated close to
one another may in some cases be strongly correlated, whereas those of
segments situated farther apart nay be less correlated. The degree of
lnterrelationship of the reliability functions of t\Àro segments, depend-
ing on their distance apart, is given by the coefficient of correlation
,!r,Z¡_), where Z. denotes the reliability funcrion of rhe 1-rh and Z.
the reliability function of the j-th segnent. The coeffÍcíent of cor-
relation is a function of the distance between Ëhe segments i and j
(autocorrelation function) .

The reliability function can be represented by:

P (failure n segments) -
1 - tl - P(failure 1- segment)lt = n x P (failure 1 segment)

z-R-s

so that: Z. - R. - S. and Z. -tr-1J

The coefficient of correlati-on betrveen the
segments í and j is given by:

reliability functions of the

(3.6.l_)

(3.6.2)

R. - S..JJ
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(3.6.3)

In many cases the autocorrelation function tends xo zero for a long
distance between two segments under consideratÍon. The actual parameter
values at two locations far apart have no relaËíonship with one another.
For the probability of failure of a dyke having a parÈicurar length, a
good approximation can then be given with Èhe Ditlevsen upper and lower
bounds. But in those cases where the auto-correlation function for
segments spaces far apart does not tend xo zeto the upper bound ap-
proximation according to Ditlevsen results in greatly overestiurating the
probability of failure. For such cases a better approximation nethod or
rnethods will have Èo be sought.

For the purpose of a design calculation a dyke with length Ld Ís divided
into segmenÈs of length I - 200 n. For each section a probabilíty of
failure due to sliding is carcurated with the aid of a lever rr
reliability analysis:

P(2.< o) - l-o-4

The strength properties in the longitudlnal direction of
varíable. The srrength and load withÍn any one particurar
assumed to be completely correlated. The correlation
reliability functions of two sections Í and j is given by:

p(z¡,2¡) - exp(-(åel',rJc

the dyke are

segment are
between the

r¡here 
^i 

- i - j and d. is the correlation length which Ís taken
500 n. The reliability functions z. axe normally distríbuted.

(3.6.4)

dù

The probleu now is to find:

a. wiÈh the aid of Ditlevsen's approxirnaÈe formulea, the probability of
P(2. < 0 and Z. < O) for í: L, 2, 3 and 4.
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b. the first-order and Ditlevsen lower and upper bounds for the prob-
ability of failure of the entire dyke, as a function of the length LU

of the dyke.

The results must be presenËed Ín a díagram for 0 < Ld < 10 km.

For Âi > 5 it is permissible to adopr p(Zi< 0 and ,J a O) : 0.

a. According to Ditlevsen's formule (2.3.7) we have approxiurately:

**P(.2. < 0 and ,j. o) - o(-Bi) o(-Þl + o(-Éi) Õ(-p;) (3.6.s)

where Þ is the distribution function for the standard normal dis-
tribution, É, the reHability index corresponding to Z ¡: 0 (and
sinilarly for pr), ana Bi is expressed by (and sinilarly for j):

* Pr-pP.'r "l
or - -i, _Ã (3.6.6)

rn this case: þí- Pj - P, so Èhat the formulae are sinplified to:
Plzi< 0 and tj. ol - 2 ø(-þ) o(-p*)

.1P*:ÊJ(fr) (3.6.7)

p(ZL, Zr) - exr (- Q Li/dc)2):.*p (- (0.4 
^i)2)

p follows frorn Õ( -p> - 10-4: p - 3.72 (see TabIe 2.2.L).
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The further calcuratíon ís performed in the following table:

^i
p(2,,2,)rJ p*

1.0s
2.07

2.92

3.44

Þ( -p*) P(2.<0 and Z.<0)

1

2

3

4

0.852
0.s27

0.237

0.077

0.t47
0.019

0.001_7

0.00029

2.9 x LO-5

3.9 x 10-5
3.5 x 1O-5

5.8 x l-O-5

The required answers are contained in the last column.

b. The elementary lower and upper bounds are given by:

max P{2. < 0) < PtF) < : p(Fí) (3.6.8)

sunmation must be applied over arl (Ld/2) segments, so that:

, L.
1o-4<p(F) <-f;"rc-a

For the DiÈlevsen upper bound we start form the formula (2.3 .rt+) ,

from which ít follows for this case (note that ,"* pij : ti, i+l -
P{ZL< 0 and Zr<0)):

L.
P(F) < PtLzL<o) + {,eS - rl [p(21<o) - p(Zr(O and zz.ol] (3.6.9)

.L
p(F) < 1o-4 + tf - rr [10-4 - 2.s x ro-s]

P(F) < ro-4 ( o.2e + o.tooþl

The lower bouird likewise follows from formuLa (2.3.14) :

P(F) > P(ZL<O) + P(ZZ<O) - p(2r.10 and Zr<Ol +
Ptz3<0) - P(Zr(O and Zz.o) - P{23<0 and Zr<O) +
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[P(25<0)) - P(ZS<O and ZO<O
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- P{Z4<O and Zr<O)

L.
...) x (f - o¡l

- P(24<0 and Zr<0) +

(3.6. r0)

Combining all terms with i ) 5 is possible because of all Ai ) 5 the
correlation is taken as zero.

Substitution of numerical values giwes:

p(F) > to-4 {1+(r-0.29)+(1-o .29-o.039)+( L-o.zg-0.039-0.0035) +

L-
* (7n-o) (1-0. 29-0.039-0.003s-o.ooos8) )

P(F) > 1O-4 x {0.81 + 0.667
L¿-

1l

The final resulc of
that for LU - I the

this example is
lower bound is

presenËed ín Figure 3. 6. 1. Note
slighÈly incorrect.

50x10-{

l0xl0-'

'l x]O-a
l0km

elementary upper

Ditlevsen bounds

elementary.lower bound

35.6x10-¡
33.7x10-{

Fig. 3.6.1: Failure probability of the dyke as a function of Ëhe length.
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0n considering
símplest form,

the mechanism of overflowing (Section 3.2.I) in its
the reliabÍlity funcrion is:

z:h - sov

where: heíght of dyke cresr
storr¡ tide level in n

Starting from formula (3.6.3),
for the reliabilíty functions of

and

(3.6.11)

in m above NAP *
above NAP *

the coeffícient of correlation function
two sections i and j becomes:

(3.6.12)

h
o

S-v

lt\þ: tut )-r J t.Jlo oL)+o2(svi) ) Jlo2 <no.)+ø2(svj ) )

p(h^,,h ) ø(h^, ) ø(h )+p(s_..,s-_*) ø(s_-.) ø(S
t(n

Putting ø(ho1) - o(hoj¡: ø(ho) (for all rhe dykes segmenrs rhe srandard
deviatíons of the crest leveIs are
equal)

o(S.rri) - o(Svj¡: ø(S.,r) (ditto for rhe storm tide levels for all
the dyke segments)

then also: o(Zr) - o(Zi) o(Z) (ditro for al1 rhe reliabiliry
functions)

and we thus obtain:

p(z.,zi) : 
p(hoi,hoi) ø2(t-r'l+_ (svi,svj) ø2(sv)

(3.6.13)

On further putting, following the previous example:

?k NAP : Normaal Amsterdams peil : standard Amsterdam Datr:m
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p(hoi,hoj) : exp {- (å41',

and p (s.ri,srj )

THE SAIiIE storE
- I (which means that for all
tide level), the coefficient

, - <å41') o'{tro)+ø2 {s.,r)

(3 . 6 .14)

the dyke secÈíons there ís
of correlaËion becornes:

(3.6.16)

exp

p(zí,rj):
o'(r)

(3.6.15)

The reliability functions remain correlated over over long distances by
the storm tide level.

Suppose that the crest leve1s of all the dyke sections conform to a

normal distribution with mean value ¡l(ho) : 5.00 m and standard devia-
tfon "(hJ - 0.1 n. Suppose furthermore thar the probabillty
distribution of the storm tide levels Ís a Gumbel distribution (see
(3.2.3) :

PIS ) Sì -'v

P{S > S} :v

1 - exp(-exp<-#>>

probability that S is exceeded per year.

The probability that in a year a storm tide leve1 higher than the dyke
crest level will occur for a particular section can be determined with a

level II approxínate full distribution approach, fron whích the failure
probability for one segment is obtaíned as:

P(2. < 0) - 1.1x 10-4 in a year (p - 3.69)

For the equivalent normal distríbution of s, a mean value p(s.r) -
0.205 m and a standard deviation ø(S.r) - L.29 m are found.

Again adopting 1, - 200 m and d c - 500 m, tee can calculate in a similar
manner to that of the previous example:

- expr - (o .+ ti\21 o .t2 + L.zg2
L.2g2

P(2. ,zj> and p* - p J(#)
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The following table can then be calculated:

For the Ditlevsen

P(F) < P(2. < 0l +
I

P{F) < 1.1 x 1O-4 +

bound we obtain:upper

,? 1)

_ 1)

IP (zt

Ir. 1

<O andZ, 1 0)l

x 1o-4 - 1.036 x to-41 -

(3.6.17)

first two

10 
-4

[1. 03.6 0.064 l

,hrI
L.

ct*L

5 x l0-'

4xl0-¿

3xl0-¡

2xl0-¡

lxl0-¡

0t231

Fig. 3.6.2: Failure probabillry of

f s given by formula (2.3.LÐ; s/e rake the
- >Pfj is negarive for i > 3:

+ t.t x 10-4 - 1.036 x 1o-4 - 1.164 x l0-4

1,236 x l0 -{

1.164 x l0 -¡

The lower bound
terms onJ-y, as P.

P(F) > 1.1 x 10-4

P(F)

5

the

67r

dyke as a

l0 km
Lo

^i

1

2

3

4

p (z i,z j)

0. 9991

0.997L
o.9954
0.994s

p *ø(-þ ) P(2.<O and Z.<0)

0.0802

0. 1400

o.I172
0. 1946

0 .46804

0.44433
0.42967

0.42285

1.036 x 10-4
g.837 x 10-5

9.513 x 10-5
g.362 x 10-5

O\t\ev 
s en

Ditlevsen lower bound

function of the length.
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3.6.3 Methods based on a continuous model
Variation of load and strength in the longitudinal direction of the dyke

will in reality conform to a continuous pattern. The schematization of
the dyke into a countable number of sections, each homogeneous in it-
self, is inspired by the fact that Ditlevsen's formula for establishing
probability bounds can be applied to a discrete series system of this
kind. This schematization, however, comprises a more or Iess arbitrary
element, namely, the choice of the length of the dyke segments. A

decrease of the segnent length should not lead to a change in the
resulting probability.

P(F)

50x l0- ¡

t^?xl0-'

l0x l0-¡

I x 1O-{
100 200 300 ¿00 500m

Fig. 3.6.3: Curves representing Ditlevsen upper and lower bound

estimates for the series failure probability of a 10 km

length of dyke as a functin of the choice of segment

length (example 1).

I

(example 1)



-106-

Figure 3.6.3 shows the Ditlevsen bounds as a function of I for the
example of section 3.6,2. From the result at I - 0 we may conclude that
the upperbound is 42 x 10-4 and the lowerbound ís 1 x 1o-4. Let us now
see how we can improve these bounds: for 2 > O the failure probabilíty
will decrease as additional correlaËion is inËroduced. This means that
the upperbound for 1. ) 0 is worthress, but that the lower bound for
2. > o stirl can be used as a lowerbound for L - o. so the best rower-
bound is the one found for .L - 2oo m, being the maximum. The final
result Èhus is that the real failure probabÍlity lies between 34 and 42
x 1O-4.

A direct continuous approach to calcurating the upper bound of the
series failure probability can be made fron Èhe Ëheory of sÈochastic
Processes. In this approximation the reliability function Z is conceived
as a continuous stochastic process. rn anarogy with the discrete ap_
proximation, sre can suppose that the tealizarion of z aE every x-
location has been derived fron the same population distribution and that
the correlation between two realizations aÈ x and x + h depends solely
on Èhe distance h. such a process is referred to as a stationary
process. The probability that in a stretch 0 < x < Lua negative value
of Z occurs is then:

P(Z(x)(0in0(x.L¿)-

P(z(O) < 0) + P(z(O) > 0 and Z(x) r 0 in O ( x. L¿) (3.6.18)

"Z(x) J 0 at 0 ( x a Ld" denotes the
such that Z(x-Ax) ) 0 and Z(x+Àx) <
realizations dies away rapídly, the
independent of the event ',2(x) + O

write:

event that an x and Âx can be found
0. If the correlation between two Z-
event "Z(0) > 0" will be virtually
at 0 < x ( LU", and we may therefore

P(Z(x)(0in0<x.La):

P(z(o) <0) +P(Z(o) >0) P(Z(x) t0in0(x.L¿) (3.6.le)

For processes having a normal (Gaussian) distribution the theory of
stochastic Processes yields a probability expression for the above-
mentioned event of Z being negative 13.27 , 3.281
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Ptz(x) l0 ín0(x.L¿) =f .*o .T\-2 þ2) J-p"(o) (3.6.20)

J-p"(o) (3.6.2L)

for analysing uhe

where p is the local reliability index, which ís identical with the
reliability index for a segment (see above) and p 1s the correlation
function of the process, which is the coefficient of correlaËion as a

function of the distance Âx beÈween two points along the dyke. The
double prime denotes the second-order derivative with respect to Ax. The

following exPression is therefore obtained for the probability of
failure:

P(z(x) ( 0 ín 0 ( x. L¿) = rr-U, *j (É) exp r-t|r,

This theory has been applied in the stochastic nodel
stability of slopes t3.191.

applying Ëhis theory to che first or tt¡e foregoing worked exampres,
find:

þ - 3.72, ø(-þ) : l-0-4, ø(þ) - 1- 1O-4,

On

we

p (Ax)

with d:s00c

t ..,^. ^,-2- exp -(tx/d")', so p"(0) : -2/dc

P(z(x) ( 0 Ín 0 ( x . L¿) < 45.L0-4

This result is substantially in egreement with the Ditlevsen upper bound
for very snall section lengÈhs. Such agreement would suggest that the
Ditlevsen uPPer bound in the linit case corresponds to the formulation
which follows from the Ëheory of continuous stochastic processes. It has
indeed proved possible to derive formula (3.6.2L) from the discrete
theory.
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4. CALCUI¿,TION OF THE INUNDATION CHARACTERTSTICS

4.7. Tntroduction
As already stated in Chapter 1, not only the probability of an un-
desirable event - in the presenÈ case more particularly the probability
of inundation - is important, but also the consequence of the occurence
of that evenÈ' This consequence may be expressed in, for exarnple,
material damage (or loss) or Èhe number of lives lost. In order to
estimate the extent of this it ís necessary, among other particulars, to
know how rapídly and to what depth the region in question will be
flooded. In the Present chapter this will be considered for the case of
a river dyke.

In general, inundation can occur as a result of overflowing and/or wave
overtopping of a flood defence strucÈure or as a result of flow through
a gap due to collapse of the structure. Some dyke cotlapse mechanisms
have been dealt with in Chapter 3.

The flow rate depends on the length of the dyke (in the case of
overtopping), the behaviour (variation) of the river water level, Ëhe
ground level or the water level in the polder protected by the dyke, and
the size and shape of the gap in the dyke. The size and shape of the gap
will in turn depend on the velocity of the inflowing water, the inflow
duration, and the composition of Èhe subsoil and the body of the dyke.

An analytical and a numerical nethod of determining the inflow rate are
discussed in SecÈion 4.2. For this purpose the discharge (rate of flow)
of the river uPstream of the gap or overflow zone is assumed to be
constant. The gap 1n the dyke is assumed to have an unvarying configura-
tion from the instant of breaching onward. Taking account of a time-
dependent river discharge and the development of a gap can be done by
schematiza1cÍ-on in tirne steps Ín which, pêr inÈerval of time, the dis-
charge and the gap configuration can be treated as consÈant.

The behaviour of the flood r"lr" ir, Èhe river and the development of the
gap are dealt with in Section 4.3
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4,2 calculation of tl:e inundation behaviour for a cíven breach ín e

river dlzke and fcr overflowing

4.2.I Inundation depth and inundation speed

If a river dyke is breached so that a gap is formed, or if water flows
over the crest of the dyke, river qrater is díscharged laterally into the
polder. Let Q(r) be the laÈeral discharge, where Q represents the rate
of flow and r represents time. The total volume of river r.rater that has
been flowed ínto the polder at the ínstant t is then:

Qror(t) - . "f Q(r) dr
o

where t^ is the instant at which theo
Furthermore, let A (€) be Èhe area of the
(see Figure 4.2.L), hp(t) rhe inundarion
lowest point in the polder. Then Èhe mass

flowed into the polder is:

(4.2.L)

laÈeral discharge commences.
endangered polder at level {
depth at time t and hno be the
balance for the water that has

.of Q(r) dr - o "l e<g> ¿e

hP(r)

Po

Equation (4.2.2) determines
tion depth at the instanÈ t is
obtained by differentiarion of

5 : o(r)
dr A(hp(r) )

(4.2.2)

the inundation depth. The greatest inunda-
(hp(Ë) - hpo). The ínundation speed Ís
equation (4.2.2) with respecÈ to time:

(4.2.3 .)

The unknown quantity in these equations is the lateral discharge of
river water Q(t). Calculation procedures for this have been established
and elaborated in connection with the worked example t4.1]. The basis of
these procedures is that flow behavioural changes with tine due to a
Èime-dependent upstream dÍscharge can be conceived as successive steady
states. This inplies that the time scale for variations in the upsËream
river level is large in relation to the adjustemenÈ times in which the
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flow adapts itself in consequence of these variations.

rn the following, unless explicitely stated, no distinction vilr be

drawn between narro!¡ gaps in the dyke due to 1ocal collapse and over-
floving because the river water level is higher Ehan the crest of the
dyke. The designation "spillway" in the present contex! relates to the
lateral escape of river q¡ater into the polder, the crest level of the
spillway being equal to that of the dyke itself or that of a gap in the
dyke.

The lewel of the river boÈtom ¡¡iII be Èaken as the zero refererice pLane
for height or levels.

river polder

hp

Fig. 4.2.I: Diagram defining a polder.

4.2.2
spillv¡ay
The discharge of the river is described by means of equations of conser-
vation of mass snd momentrun. For sËeady-statre flow these equaÈions for a

river with a rectangular flor^r cross-section are as follows (see Figure
4.2.2) :



B+ds

ô

ôs

Conservation of mass:

(h.v)+q(s)-0

and conservation of momentum:
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of uniforn flow (ô/ôs

(4.2.4)

(4 .2.s)

(4 .2 .6)

0), we obtain

In these equations h - h(s) is the river water level, B the width of the
flolr cross-sectÍ.on, v the mean flow velocity, s the space coordinate
along the axis of the river (the flow direction of the river is taken as
the positÍve s-direction), q Èhe rocal rateral discharge or feed, ro the
gradient of the river bed Ín the s-dírection, C the so-called Chezy
factor, R the hydraulic radius of the frow cross-section, and g the
acceleration of gravlÈy. The hydraulic radius is defined as the ratío of
the flow cross-srct.ional area (: hB) and the "wet, periphery of this
area (- B + 2h). For flow cross-sections where B is large in relaÈion to
h we have:

22(h+ n) - ru Ã

n:ffi=n
From these equatíons, in the case
for the river discharge, er:

Q, - h.B.v - t3/2 s ç, Jra

or:

n- <frr>rz'

(4.2.7)

(4.2.8)

where h is called the equilibrium depth.
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Qr down

Fig. 4.2.2: Dlagram defining a river and lateral splllway.

lateral díscharge over a spillway can be calculated with the aid of
for¡nulae for a free-nappe weir:

q(s) - ,|rtr' (h(s) - ho)3/2 Je

The

the

and for a submerged weir:

q(s) - (nn t'"1 ,4zg<t <"1 - nll

(h(s) - ho) G.2.e)

if h >h
P

(h(s) - ho) G.2.L0)

ifh <h 2
-f^

OJ

2
o*3

In both the above formulae the coefficient of discharge of the weir (or
spirlway) has been taken equal to 1.0. The rotal discharge is equal to:

s+b
o

Q-"J q(s)ds G.2.rL)
o

where b is the length of the spil-Iway and so the location of the begin-
ning of the spillway at the upstream end. For very short spillways it is
assumed that the lateral discharge q(s) can be represented by a value
which is constant in the s-direction.

: o.rp G"tt
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Two cases are to be distinguished, namely:

1. The total lateral discharge from the river is so great that Èhe
river head at the spillway drops down to the crest level of the
spillway. This occurs at very long spillways. The downstream equi-
líbriun depth is Èhen equal to the difference between the spillway
crest level and the level of uhe river bed. The discharge over the
spillway can be calculated quite simply as the difference between the
upstream and Che doqrnstream discharge of the river, both calculated
according to fornul a (4 .2 .7) :

Q - Qr-._ - Qr.__- : b3L/2 - n:/') B c .,/rb
up ctowTt

(4.2.L2)

where h, is the river leve1 upstreâm and ho the crest level.

2. The downstream water level of the river is not known. In this case
the lateral discharge is insufficient to cause a drop of the river
head to the crest level of the spillway. The lowering of the river
head must be calculated by solving the basic equations. Two proce-
dures for performing this calculation have been developed and will be
described below. Ltith the aid of Èhese procedures it ís also possible
to check the assumption on which Èhe calculatíon accordíng Ëo equa-
tion (4.2.L2) Ís based.

4.2.3 Discrete approximation for a ver]¡ short spillwa]¡

Q - b e : er.._ - Qr. 6tr/' - n1/') B c r/rbuP co!ûn

A constant river head equal to the downstream river level is assumed to
occur along the length of the spilrway. The governing equations are
then:

(4.2.r3)

where h, ís Èhe downstream water level in the river and b is the length
of Èhe spillway (see Figure t+.2.3). The discharge q per unit length of
the spillway is calculared wiri rhe aid of formulae (4.2.9) or (4.2.L0),
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where h(s) is repraced by hr. suppose thaÈ the upstream river head is
hl. Then the dor¡nstream discharge and the lateral discharge can be
calculated with these equations. The method is applicable to narrow gaps
caused by breaching of the dyke in consequence of the mechanisms dealt
with ln Chapter 3.

Fig. 4.2.3: Dlscrete method for a very short spillway.

4.2.4 Discrete approximation for 1ong spillways
In the approximate method the length of the spillway is diwided into n
sections- At the boundaries of che sections the lateral discharge is
conceived as concentrated at nodes (see Figure 4.2.4). The discharge at
each of rhe nodes is calcurared with formura (4.2.9) or (4.2.10). The
lowering of the river head within each of the sect.ions is calculated
with the ald of the followlng procedure.

h1 = h2.n'r'¡

Qtn.1

or u r¡
or down

*-Ll

h0

^,> 0r3

fig. 4.2.4: SimulaÈIon of a long spillway.



This procedure

section and a
I denote the

\¡¡

ship exists:

hL = h2.. (Iw

therefore:

-1ls-

is based on a lrater level on the upstream side of the
water lewel on the downstream side (see Figure 4.2.5). Let
slope of Èhe water surface. Then the following relation-

rb) L..,, (4.2.L4)

where L__ is the length of thev
calculated from equation (4.2.5)

r +r. =f. -Y2\d D Þ a1 =ru

spillway section. The gradÍent
, neglecÈing the veloeity head:

a1

1S

dh
ds (4.2.Ls)

s2 c2 n3

02'r
t2 c2 ¡3

(4.2.L6)

Hence it follows Ëhat:

a?hr=hr+(
s2 c2 n3

- rb) Lv (4.2.L7)

For a chain of spillway sections with lateral discharge concentrated at
the section boundaries rle find, using the fornulae for the above-
mentioned calculation procedure, the following algorithn for calculating
the hydraulic grade line and the total discharge over the spillway (see
Figure 4.2.4) :

choose a value for hr.l (> ho) , whence follow the laterar discharge Ql
with the aid of rhe formulae (4.2.9) or (4.2.L0> and (4.2.rL) wirh
spillway lengÈh b/n. The discharge of the river Qr2 i" obrained fron
hZ.t by applying formula (4.2.7).
Then: O : O'r2 'r1 * Q1 and rrl- : O?rrt<tz "' n]..r)

Hence follows, h2.2: h2.1 + (I"1 - I¡) L.r, where Lu - b/n, and Q, is
calculated from this.
Frorn this ís calculated Qr' and so on.
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value of h2.1

associaEed Q,
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is repeated untitl Qr
n+l

must be found for which Q,

the lateral discharge over

is found. By

-O Bv
n+l 't.rp
the spillway

Erial and

summation

is obtained

error a

of the

Fíg. 4.2.5: Calculation of a spillway sectlon.

4.2.5 AnalvËlcal approximation
If the following assumptions are satlsfied.:

h. -h^
-+J << I

^l

where h, is Èhe river head
share in the energy head
the potential head, i.e.:

2
h + ft = h,

dor¡nstream of che spillway
is srnall in relation Ëo the

(4.2.18)

and the velocity
pressure head and

(4.2 le)

bethe basic equations for river discharge and spillway discharge can
rinearized. This opens the way to an anaryticar solution.
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For a free-nappe spillway (formula 4.2.9)
found for the lateral discharge (see Figure
notation enployed):

T't,' G - hz/"L)

v¡here h, is given by:

ìrb
pe' (ìr - \t)h2-ho

h- -hlo

in which:

^1. 
- 

^1 " 
(\z - tl)b

p_3ru,/hr

^r,r- To (1 +/(1 +P)l

p - 2 (2ß)7/2 . 
hl /(s(5 : ho))

IbVlB

nhere V, is the flow velocity associaÈed with hr-

.b

the following formulae are
4.2.6 for explanation of the

(4.2.20)

(4.2.2r)

(4.2.22)

(4.2.23)

(4.2.24)

o

v1

or
h2

I6

Fig. 4-2-6: Notaríon emproyed in rhe analyticar solucion.
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rn 14.2) tabres have been compiled with which, ernploying three dimen-
sionless parameters characterizLng the river and the spillway, the drops
of the river head and the discharge over the spilh{7ay can be determined.

4.3 Time-dependence of upstream discharge and lateral discharge

4.3.r
A boundary condition for calculating lateral discharge over a spillway
is the behaviour of the upstream water level hl(t) during flood flow in
the river. Ïn connection wÍth the worked example, Èhe forrn and duration
of the discharge of the Upper Rhine at Lobith under flood (maximum
discharge) conditions were investigated [4.3]. This investigation showed
that a single-crested flood wave as a function of time, er(c), can be
characterLzed by the sum of a constant basie discharge, Qro, and a
parabolic qTave crest:

Qr(r) - Qro * <ô, - ero) (r - To) (T - r + r)/r2 (4.3.1)

where To = a = To * t, while for different 
^t: 

er(t) - Qro. Here er(t)
denotes Èhe instanteneous flood discharge, e, the maxim'm discharge, Qro
the constant basic discharge, T the length of time during which the
flood discharge exceeds the basic discharge, and To the instant at which
the flood discharge begins.

Multi-crested discharge functions can be obtained by schemaLizing each
of the separate lrave crests to a parabola and then superinposing.

Both the magnitude of the maximum discharge and Èhe duration T can be
conceived as stochastic variables ín a probabilistic analysis of a river
dyke. The probability distribution function of the maximurn discharge can
be determined from observed relatlve frequencies of maxiuum discharges
in the past. From observatíons in the Upper RhÍne it emerges that the
maximum discharge in that river can satisfactorily be described with the
aid of t^Ieibull distriburíon:
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- (x-A ) /c' o" oe - - if x>0 (4.3.2)

The probability distribution of the durations T can likewise be derived
from the statístically observed continuously consecutive periods during
which a river discharge exceeds a certain va1ue. The relative frequency
distribution thus found suggests a log-normal distribution. For the
Rhine discharges an expected duration of 15 days was found, with a
coefficÍent of variaÈion equal to 1. O.

For a probabilistic analysis iÈ is moreover of importance to investigate
the correlation, if any, between the maximum discharge and the duration.
In the investigation referred to, admittedly on the basis of only a
limited m¡mber of data, a weak negative correlatíon (-0.20) was found.
Thls result justifies the assumptíon of uncorrelated maximum discharge
and flood discharge duration in a probabilistic analysis.

4.3.2 Development of a gap in a dyke

At present is only possible to give quantitative indications of the way
in v¡hich, when a dyke is breached, a gap and associated flow channel
form and subsequenÈly develop. As yet, very little ís known about this.

A g"P through which wacer flows tnto the polder begins after Èhe oc-
curence of one or more of the collapse nechanisms described in Section
3.2 to 3.5. Because of the high velocity with rvhich the water rushes in,
the gap is quickly enlarged by scour, so that the inflow increases. rn
course of time, as a result of the rÍsing water level in the inundated
polder, the hydraulic falI and therefore Ëhe flow velocity decrease, so
that the current can then no longer transport soil from the bottom of
the gap.

The highest velocities occur, not in the actual gap, but behind it (see
Figure 4.3.1) .
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e ddy
s tr e amlin e

breach in

dyk e
vortex trains

eddy

Fig. 4.3-1: FIow pattern associated r^rith a breach in a dyke

ConËracÈion of the streamlines occurs in the gap. The current flowing
through the gap produces large eddies in the almost sÈagnant rvater
behind it (this does not apply to the siËuation at the start of
inundation). These eddies cause even more pronounced contraction at some
distance froro the gap, and the highest flow velocities occur there.
Deep-penetrating dangerous little wortices develop aE the boundaries
between the ¡uain flow and the large eddies. These so-called vortex
Ërains cause scour.

The sparse available information on the growEh of gaps and flow channels
associated with the breaching of dykes is in general raÈher vague. Only
a few cases have been recorded in which the growth of the r¡idth of the
gap as a function of time is tolerabry known f,4.4). Two cases are repre-
sented in Figure 4.3.2. lfhaÈ is especially notable in this diagrarn is
the difference in the rates of growEh and in the ultimate width of the
gaPs. Boch of these variables depend on a number of factors , including
the composition of the dyke.and of the subsoil, the area of the polder,
the hydraulic faII, the polder level, and the presence of foreland or
foreshore. In the case of sea dykes it is to be noted that the currents
varying wiEh the tidal movements have the most. desËructive effect,
giving rise Èo excensively branching systems of large and small chan-
ne1s. In this field much research leading to quantitative models has Ëo

be done.
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Zalk. 8 January 1926 (lJsset dyke)

r20

80

¿0

Fig. 4 .3 .2: Growrh of
breaches

gap width b in the case

14.4) .

(8 t (hours)

of two dyke

Dalfsen. 6 anuary 1926 (!echt dyke)
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5. CALCUI,ATION OF DA},ÍAGE IN THE EVENT OF A GIVEN INIJNDATION

5.1. Introduction
For carrying out a risk analysis of flood defence sÈructures it is
necessary, among other information, to know what consequences the
failure of the structure will have. Ilhat iÈ is therefore desired Èo

establish is the relation between the effect (failure of a dyke or other
flood defence) and the consequence.
Ilhen a flood defence structure fails, water from Ëhe sea, a lake, a
river or some other ltatercourse flows into the region which that
structure was intended to protect. In the great najority of cases,
inundatíon of Èhe region wÍll then occur. only if the quantity of
inflowíng water is small, so Èhat it can be accomodated by the existing
storage capacity in open water and by pumping, no inundation will occur.
Even so, dnmage to Èhe dyke may then ensue, e.g., in the form of damage
to the protective covering in the event of overfrowing or wave
overtopping.

If inundation occurs, "dpmage" will result. In this context "damage,'is
to be understood in its mosÈ comprehensíve sense. It refers not only to
material damage and loss, but also Èo casualities (dead and injured
persons) ' distress and hardship (the irnnaterial damage). In carrying out
a risk analysis ín which the total damage has to be determined, all
damage items should be expressed in terms of the same units; this gives
rise to many problerns (see Chapter 6).

As regard the method of deternining the damage a number of research
projects have been carried out both in the Netherlands and abroad. The

Present chapter wí-11 be chiefly concerned with the ínvestigation carried
out by the Industrial Safety Division of MT-TNO at the request of
irTorking Group 10 of TAI{ [5.1]. rn addition, the investigations of
Penning-Rowsel and Chatterton will be considered t5.21. In the MT-TNO

investigation attention has been focused more particularly on the 1953
flood disaster in the provinces of Zeeland and SouËh-Ho1land. The
inundation of the llierÍngermeer in 1945 and the floods at Tuindorp-
Oostzaan in 1960 are also dealt wich.
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5.2 Factors determining inundation damage

The damage caused by inundation is determined by a great many factors.
In broad outline these can be subdivided as follows:

a' Factors which describe Èhe inundation process and the circumstances
during inundation: water level as a function of time, flow velocity,
wind directíon, wínd force, duration of inundation, quality of water.

b. Factors relating to Ëhe characteristics of the inundated region:
size, population, buildings, means of subsístence, warning and rescue
facilities.

The factors mentioned in points a and b will now be briefly explained.

I.Iater leve1 as a functíon of tíme,

A high water level wÍIl result in nore victims and more damage. Ebb and
flood movenents may cause additional damage to buildings, particularly
in the vicinity of gaps in dykes. A rapid rise Ín vrater revel wirl
result in more deaths.

Flow velocity
A high flovr velocity will cause more damage to buildings, parLicularly
in the viciniry of gaps in dykes.

I.Iind force and wind directíon
More wind causes larger waves, so that more damage will result. Besides,
rescue possibilities are adversery affected by uruch wÍnd. The wind
direction has an effect on raising the water level (wind setup).
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Duratíon of ínundation
The duration of the inundation plays a part with regard to both material
damage and ímmaterial damage. As a rule, material objects suffer greater
damage according as they are in contact with water for a longer time or
become partry or wholy saturated with water. Arso, a long period of
inundatíon increases the probabiliÈy of greater distress and hardship or
of people dying in consequence of exhaustion, disease or hunger.

Ouality of the water
Polluted water will cause more darnage than clean r^rater. Also, sea vrater
will have a different effect in terms of damage than fresh water.

I^Ieather conditions
Besides wind direction and wind force, there are other important
determining weaÈher facÈors, incÌuding temperature, precipitaËion (rain,
snolr, etc.) or fog. These factors play a part ín connection with the
risk of disease or the survival chances of people and anÍma1s.

Size of the polder
The extent of the d¡mage is crosely bound up wÍth the slze of the
polder. The size moreover plays a part in connection v¡ith the speed of
inundation.

Population
The number of persons living ín the polder is of direct importance with
regard to the number of victfms claimed by an inundation.

Buildinss
The damage to buildings will depend on the naÈure of the buildings
(low- , meditrm-, high-rise), the fonn of construction (masonry,
monolithic concrete) and Ëhe building materials used.
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Means of subsistence
This comprises impairment of the use of the soil, such as damage Èo

agriculture, industry, forestry, recreational facilities, etc.

LTarning pos s ib ilities
rf the possibiritíes for giving early warning against anticipated
inundation are good, the probabirity of casuarities is reduced. Also,
plant and equipnent and/or cattle can be removed to a safe place. Thus,
damage will be less according as the warning system is better.

Rescue possibilities
Obviously, there wÍll be less damage if the possíbilities for rescue are
better. Rescue facilities include carefully planned life-saving
procedures, elevated escape rouÈes, adequate available rescue equipment,
etc.

5.3. Number of deaths in the event of an ínund¡Èion
Estimating the number of victims likely to be claimed by a flood
disaster is no sinple problem, because a rarge number of facÈors are
involved: see Sectíon 5.2. Data from elsewhere or from earlier times
cannot be directly utilized with regard to present-day conditions in the
Netherrands. Besides, it will not be possible quantitatively to
determine from the known daÈa all the relatÍonships existing between the
relevant factors and the nunber of victims.

In the research sponsored by Working Group 10 of the TAI^I t5.1] attention
was fírst focused on the data relating to the sÈorm tide disaster of
1953. Generally speaking, these data yield rittle information on the
rerationships as envisaged in section 5.2. From the various
comnemoraÈive publications and reported intervíews the following picture
emerges:

a. The munieipalíties most serio,r"ry affected in terms of deaths by
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drowning vrere engulfed in a short time. Most of them were situated
behind dykes facÍng away from the north-qrest wind, v¡hich were lower
and weaker than the dykes along Èhe norÈhern shore of the íslands.

b ' Most deaths by drowning occured in the outskirts of those places; at
Dreischor and Burgh indeed all such deaËhs occured in the outlying
areas. These were often situated at a lower leve1 than the central
area, which therefore remained dry for a longer time and where the
element of surprise (aIso because of better communication) played a

Iess dominant part.
c. Some municipalÍties (especially large ones) on the coast suffered

relatively few losses.

Of the inundation parameters which, so far as their effect is coneerned,
call most for investígation - namely, the indundation depth and the
inundation speed - attention has been focused chiefly on the inundation
depth. Since it is, for most of the municipalities, non knov¡n whether
the persons who were drowned were resident in the central areas or in
the outskirts, the present considerations are based on the number of
deaths in the nunicipaliÈy as a whore. This number, referred Èo the
number of irihabitants, gives the "drowning fracÈion" (proportion of the
population killed by drowníng).

For some nunicipalities, however, ít has been possible to deduce from
on-the-sPot information how many deaths due to drowning occured in the
central area and how rnany in the outskirts of the village; two drowning
fractions were calculated frorn this information.

Figure 5.3.1 shows a rough relationship between the inundation depth and
the drowning fraction.

Fron the scatter of the points plotted in the diagram it is apparent
that other factors have also played a major part. From the descriptions
of events at the time the impression emerges that those factors
certainly include
a. the location ín relation to the gaps in the dykes;
b. the speed of inundation;
c. the accessibility of relative safe places of refuge;
d. the speed r¡ith v¡hich help arrives.



r27 -

on drowne d (oÁl

23
----------{¡> inundation depth (m)

Fig. 5.3.1: Fractfon of person dror¡ned (proportion of the
as a functíon of the inundaÈion depth during
Èlde of I February 1953.
o nunicipalities on Schouwen_Duiveland
+ municipalÍties on Goeree-Overflakkee
A municipalities not on these islands

50

fracti

î

populacion)
the flood

In the situation of 1953, the likelihood of drowning greaÈIy increased
when the inundation depÈh hras more then 2.5 m, more particularly for
inhabitants of villages and hamletrs located in a polder directly relying
for its proÈection on the nain dyke, i.ê., r.¡here there was no inner
(secondary) dyke or ocher relativery high-level ground in the vicinity.
For a more quantitative assessment it is necessary to base oneself on
information obtained from the municipalities which were struck by the
storm tide disaster of 1953. Ic may then be possible to break dor,¡n the
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recorded deaths by drowning in some of them into deaths in the central
area and in the outskirts of the village respectively.

As for the other inundations menËioned in this report, iË is to be noted
that they claimed no vicËims by drowning; in the case of the
Wieringermeer in 1945 the inhabitants had been warned in good tíme; the
inundation at Tuindorp-OosÈzaan in 1960 flooded the region only to a

limited depth (1.5 m).

It has already beern noted Èhat data from forner times are not directly
valid with regard to the presenÈ situation. Since 1953 quite a ntrmber of
changes have occured in the factors affecting the number of vicÈims in
the ewent of an inundation.
For one thing, the possibilities for early warning have greatly
increased Èhanks to modern means of couununication. Besides, a storm
tide, but especially a flood wave in a river, Ís now quantitatively much
beÈter predÍctable.
Facilities for rescue and evacuation have also greatly ímproved. The
munícipalities along the coasÈ and along the rnajor rivers have emergency
schemes for coping with flood disasters, including evacuation p1ans.
AIso, there have been changes in the nature of the buildings and
building construction systems since 1953; the low-rise buildings have
given place to taller structures. In the regions affected by the flood
disaster there existed only low-rÍse buildings, so that there was no
opportuniÈy to take refuge in higher residential buildings. present-day
building construction systems are Ín general better able to withstand
the onslaught of fast-flowing water. In the vicinity of the gaps in the
dykes the danger of collapse of Èhe buildings would thus be reduced.

5.4. Material damage associated with an inundation
The extent of the naterial damage in the event of inundation depends on
the inundation Parameters mentioned in Section 5.2 and on the type of
object that suffers damage. It is important to know what the relations
are between the said pararneters and the damage to an object.
In the study car::ied out by MT-TNO t5.11 the damage has been determíned
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as the product of two quantities, namely, the maximum possible damage

Sr"* "rd the damage factor cr(d):

S: c.(d) S1' max (s.4. 1)

The maximum possible damage (or loss) corresponds to the replacement
value of the object concerned. The damage factor cr(d) has a value
between 0 and 1 which indicates the d.egree of desÈruction. This factor
depends on the category (i) to which properËy is assignable and on the
inundation Parâmeters. In the present stage of the investigation only
the relationship between c. and the inundation depth d is considered.

Before explaining this method with the aid of examples, the following
will first be dealt rr'ith:
a) the possible classlfication of property and possessions into

categories;
b) the damage factors.

5.4.L Classification of proDertv into catesoríes
In its publícation entiÈled "Ca1cu1aÈion of material loss caused by
inundation in February 1953" [5.3-in DuËch] the Netherlands central
Bureau of statistics adopted the forlowíng classifications:

A. Property to be reckoned as part of the national wealth:
Agricultural estates
Non- agrícultural estates
Industry, trade, banking
Transport (notor vehicles, railways; tramways, postal and tere-
communication services, shipping)
Houses, farms, cottages

B. ProperÈy not to be reckoned as part of the national wealth:
Dykes, roads, pumping stations
Schools

Churches, totrn halls
Furniture, clothing
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The Provincial Government of Gelderland has adopted the following
classification for "Calcu1ation of inundation loss for the Province of
Gelderland" [5.4-in Durch] :

A. Dâmage to dwerlings, household effects and private cars
B. Damage to agriculture
C. Damage to industry and services

The classification adopted by Penning-Rowsell and Chatterton t5.2]
corresponds in broad outline to this last-mentioned one.

For each category of property a subdivision inÈo a number of loss items
may be applied; see the examples after Section 5,4.2.

5.4.2 Damage factors
By a damage factor is understood the relationship between the inundation
parâmeÈers, on the one hand, and the degree of destruction, on the
other. In the event of total destrucÈion Èhe damage factor ís equal to
l-. Some demage factors have been deduced from the data of 1953. Here
again, with regard to the inundation parameters only the depth of
ínundation has been considered.
In Figures 5.4.1 and 5.4.2 some damage factors for houses and farms and
several other categories are represented graphically. Dâmage factors
have also been determíned by Penning-Rowsell and ChaÈterton. Some

relaÈionships for particular categories of property and goods are given
in Figures 5.4.3 and 5.4.4. The general picture to emerge is that the
damage factor shows an approxinately linear increase with the inundation
depth up to a certain value. Ultinately Èhe value 1 is attained for all
the factors.

E*"*pl." of 1o"" c"lcrl"tiotr for giv.r irrrd"tior d"pth
The notation adopted ín these examples is as forrows:

"r"* - maximum danage, expressed as loss in guilders p.r 12 of area
cr(d) - damage factor depending on d
d - inundatíon depth in meters
s - damage (loss) for given inundation depth _ cr(d) . "r"* i,

guilders p"r 12 of area
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The examples relate ro agricultural (i - 1), industrial (i - 2) and
built-up areas (i : 3). The values of c. (d) have mostly been obtained
frorn Figures 5.4.1 and 5.4.2. The values for the maximu¡n damage have
been adopted from [5.1]. The cost of evacuation and dyke repair has not
been taken into account in the calculations.

Example 1: Darnaqe affectine asricultural areas li:1)
The loss associated with damage to an average agricultural area
inundation depths of l, 2 and 3 ¡n can be calculaÈed as shown Ín
5.4.r. Losses affectíng other property and goods in these areas
be added to the figures thus arrived at.

Table 5.4.1: Damages to agricultural areas (guilders/*2).

for
Table

should

Category s
max

d-1m d:2m d:3m

cr(1) s cr(Z) s cr(3) s

1 Infrastructural re-
habilitation

2 Crops and products
3 Livestock
4 Inventory
5 Plant and equipment

0.47

0. s3

0. 30

0. 20

0.06

1.0 0.47

1.0 0.53
0.03 0.0r
0.0s 0.01
1.0 0.06

1.0 0.47

1.0 0.s3
0.07 0.02

0.10 0.02

1.0 0.06

1.0 0.41

1.0 0. s3

0 .27 0.08
0.30 0.06

1.00 0.06

Total for river areas 1.08 1_. 10 L.20

6 Desalination
7 Recultivation

0.04

0. 33

1 .0 0.04
1.0 0. 33

l-.0 0.04
1.0 0.33

1.0 0.04

1.0 0.33

Total for maritime areas L. t+5 L.47 I.5l

Example 2: Damage affectíne industrial areas (i:2)
rt is estimated that about 35.000 ha of land is used for industry
employing about 926.000 people, i.ê., on average about 26.5 persons per
ha are engaged in industry.
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The losses associated with danage due to inundation are divided into:
- direcË losses (Cue to damage affecting buildings, machinery,

vehicles);
- indirect losses (interrupted production).
The formula applíed here to the direct losses is:

"di, - 5.11 c(d) 
ï "o 

to

where:

(s.4.2)

(s.4.3)

c(d) : damage factor (averaged over all categorÍes)
WU - number of persons enployed Ín branch of Índustry b
ru - investment per employee per year in that branch of industry

For the indirect losses:

s. =r. 
"wuPbrno].r t b

where:

t, : period of non-productívity in months
Po - productivity value per employee ín branch of industry b

rf the value of > I.I* r- p"r 12 of Índustrial area Ís put ar 24 guirdersb p P'
Per year and thaÈ of : I{- P. et 16 guilders per month, Èhen for

bpÞ
inundaÈion depths of 1, 2 and 3 n for an average industrial area the
values shown in Table 5.4.2 are arrived at.
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Table 5.4.2: Average d¡rnages to industrial areas (guildet"¡^2¡.

category s
max

d:1m d:2m d-3n

cr(I) s cr(2) s cr(3) s

direct losses
indirect losses
t. - 1 month

1

L23

16

0.1 12

1.0 16

0.16 20

1.0 L6

0.22 27

1.0 16

Lotal for river areas 139 28 36 t+3

direct losses
Índirect losses
t.. : 4 months

I-

L23

6t+

0.10 L2

0.5 32

0.16 20

0.7s 48

0.72 89

1.0 64

total for maritime areas L87 44 68 1s3

areas (i:3)
According to the central Bureau of statistics t5.3], built-up areas can
be classified as follows wÍth regard to the purposes for which they are
used:

Number of ha (L977)
Social/cultural faciliries L72L5
Other public faciliries 6234
Commerce 3ZZ5

Services sector 5651_

Residential area L8l646
Mixed residential/work _ 539g

Total 219369

To make an accurate estimate of the loss resulting from a possible
inundation, the loss incurred in each of the above-mentioned sectors
would have to be esÈimated separately. However, an approximace estimate
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can be nade by assuming this to be the sum of the losses relating to:

a. buildings;
b. household effects;
c. vehicles;
d. conmerce

e. cost of evacuation

The loss accounts for inundations of 1, 2 and 3 m are given in Table
5.4.3 .

Table 5.4.3: Damages to built-up areas (guilders/^2).

Category s
max

d:l-ro d-2m d-3n

cr(1) s cr(2) s cr(3) s

1 Dwellings
2 Household effects
3 Vehicles
4 Trade and services
5 Evacuation

180

60

L6

28

25

0.0s 9

0.47 28

0.5 8

0.2 6

1.0 2s

0.11 20

0.5 30

1.0 L6

0.25 7

1.0 2s

0.3s 63

0.66 40

1_.0 L6

0.32 9

1.0 2s

Total for river areas 76 98 153

1- Dwellings
2 Household effects
3 Vehicles
4 Trade and servi-ces
5 Evacuation

180

60

L6

35

2s

0.05 9

0.47 28

0.s I
0.23 8

1.0 25

0.11 20

0.5 30

1.0 L6

0.34 L2

1.0 2s

0.3s 63

0.66 40

1.0 16

0.8 28

1.0 2s

Total for maritime areas 78 103 ]-72
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DES]GN CRITERIA

Introduction
Calculation of the probability of
works inevitably comes up agaínst
failure is acceptable.

failure of a system of flood defence
the question as to what probability of

Even though the calculated failure probability can only to a lirnited
exÈent be conceived as a "frequentistic" probability in the sense of an
inundation occuring once ín N years, such a relaÈion will nevertheless
be established. Hence it is advisable on the one hand, to adjust the
calculation of failure probability as much as possible to the
assumptions made and, on the other, to conceive a standard or norm for
the acceptabre probability, so that a framework serviceable for
discussion in the social context is ready to hand.

The theory which is applied to calculating the probability of failure of
flood defences - dykes, in particular - having been presented in the
preceeding chapters, this chapter will offer sone considerations on the
accepÈable risk. By risk is understood the mathematical expectaËion of
the consequences of inundation (rnathematically: probabirity x
consequence) .

In this context two points of view will be examined. First, the point of
view of the individual who considers wheËher a particurar risk is
acceptable to hinself. second, the poinÈ of view of society which judges
the question whether the probabilÍty of a particular accident ís
sufficíentry low. These two approaches each read to their own
conclusions.

Finally, to apply the line of reasoning adopted here, it is necessary to
schematize the consequence of an inundatíon. The consequence has so many
facets - fear, distress, damage to one,s home, loss of cattre, demage to
shops and factories, injury and ross of life - that these can hardly be
incoporated in a nodel approach -to the problern. .In the present study the
consequence of an inundation is simplified to a loss expressed in money
(possibly including a valuaÈion for lost human lives) or to the number
of people Èhat perish.
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6.2 Personall]¡ acceptable level of risk
The smallest component of the socially accepted level of risk is the
personal assessment of risks by the individual. In the personal sphere
the appraisal, i.e., balancing the desired benefits againsÈ the risk
associated with Èhem, is often accomplished quickly and unconsciously.
Also, a correctiorr is quickly rnade íf the appraÍsal turns out to be
incorrect.
The result of an attempt Èo establish a model of this appraísal
procedure is represented in Figure 6.2.'1,, presupposing an objective
rational balancing of the benefit - both the direct personal and the
social benefit - against the risk of expected loss (probability times
consequence) .

Ihe probabilicy component of the risk Ís estímated on the basis of the
individual's own experience or of Èhe reported experience of others.
Some idea of the possÍble consequences is also derived from these
sources. That is why forning a personal opinion with regard to new
activities is often dlfficult due to lack of historical data. In such
cases the information is derived frorn pronouncements by "experts" and
form the visible degree of protectíon.
An important aspect is the degree of voluntariness with which the risk
is endured. In the case of non-voluntariness the individual can make his
appraisar in accordance with his own set of standards, but any
adjustment of the choíce in the event of an unfavourable result is
outside his sphere of inflLrence. The two points compel hiur Èo adopt a
sceptical attitude towards non-voluntary risks.

The aspect of non-voluntariness together with the non-availability of
historical data and the lack of clarity as to the nature of the benefit
to be gained may explain the socíal resistance to rnodern sources of
energy such as LNG and nuclear energy.

Psychometric rese¿rch has so far not attaÍned the desired object,
namely, operationalizaÈíon of the rnodel presented in Figure 6.2.1, A
solution courd consist in presurning Èhe appraisal process of each
individual to be consistent and in considering that the resulÈ of this
Process can yield an indication of his preferences. In a schematization
of "the consequence" consisting in losing one,s life Èhe statÍsÈics of
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causes of death p:'ovide a source which reveals the average result of the
individual appraisals of benefiÈ and risk.
An unavoidable risk is the probability of dying from natural causes. In
the I,üestern countries this probability for a person under 60 years of
age is about 1O-3 per year.
For other activities the personal acceptance of risk Ís arrived at by
divíding the annual number of deaths by the number of participants in
the activity concerned.

The personal risk levels for some acÈívities are indicated in Figure
6.2.2. The fact that these figures are stable over the years and are
approximately equal for the l.Iestern countries would seen to indicaËe a
consistent pattern of preference.
Ihe ranking of the risk levels is not surprising either. The probability
of losing one's life in normar daily activities such as motoring or
working in a factory is one or Èwo orders of magnitude lower than the
normar probability of dying. only a purely voluntary activity such as
mountaineering entails a higher risk.

rn view of the consistency and the stabÍlity - apart from a slighÈly
downward trend due Èo technical progress - of the death risks presented,
it wourd appear permissible to deduce therefrom a guideline for
decísions with regard to the personally acceptable risk.
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probabiliËy of an accidenE associated with activity i

II/year] (6.2.L)

where P¿lfi denotes the probability of being killed in rhe evenr of an

accident.

In this expression the discretion facEor É* varies vith the degree of
voluntariness rsith which the activity is undertaken and ranges from 10
in the case of complete freedom of choice to 0.1 in the case of an
imposed risk.
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6.3 Socially acceptable level of risk
llhat a democratic society accepts in terms of risks is in principle the
aggregaxe, or sum total, of all individual appraisals. The aggregated
versí.on of the model presented in Figure 6.2.L would have to provide the
ans\^Ief .

Although it can be said that, at the social level, for every project in
the widest sense the social benefits are balanced against the social
costs (including risk), this process of appraisal cannot be made ex-
plicit. The social opÈirnization process is accomplished in a tenÈative
way, by trial and error, in which governing bodies make a choice and the
further course of events shows hor¡ wise this choice was.

If a socially acceptable risk level must be determined for a particular
project, a solution can be reached only via considerable sirnplifieation
of the problem.

One way to achieve this is to schematÍze the probì-ern to a mathematical-
economic decision problem by expressing all consequences of the disaster
in terms of money. The second approach consists in deducing from acci-
dent statistics an acceptable lever of risk, while limiting the
consequence of the disaster to the nrrmber of deaths.

The mathematical decision problen has been formulated by Van Danzig for
the inundaËion of Central Holland in the Delta Commission's report
t6.11.

To sirnplify the problen the height of the dyke is assumed to be a deter-
ministic quantity. Furthermore, the only failure mechanism considered
here is overtoppirrg, i.e., inundation of the polder will occur as soon
as the storm tide leve1 rises above the crest level of the dyke.
The probability of this evenË can be deduced quite sirnply from the high-
Iì7ater exceedance line (see 3.2.2, although the notation is different):



P(Sr>ho)-FS(ho)-e

where:

Sv
h

o
a, p

F, (ho)
v

sËorm tide
height of
constants
complement

leveI
dyke

of F, (ho)
v

(6.3.1)

is deÈermined by

h in order too

rf the dyke is overtopped and the polder is flooded, the ÈoËal damage
(loss) inflicted on buildings, sÈocks, caËtle and means of production is
S. The mathematical expectation of this loss in each year is the product
of che inundation probabllity and the loss s. rn the firsr
approximation, loss of income, loss of hu¡nan liwes, etc, are not taken
into account.

The cash value of the expected loss over the service rife (N) is a
meâsure for Èhe tt>tal loss.
To 1ímit the risk the dyke can be heighrened (see Figure 6.3.r). The
cosË of this safety measure is partly constant and parcry in approximate
proportion to the increase in height. The Èotal cost is the sr¡m of the
cost of heightening the dyke and the cash value of the expected loss.

Fig. 6.3.1: Quantiry of earrhmoving for helghrening a dyke

The optimal heighr of rhe dyke (see also figure 6.3.2)
a differentiation with respecÈ to the decision variable
arriwe at the minimul Eotal cosE.

h

ho
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The optirnal heighr of the dyke, ho.opt, and rhe optinal failure
probability, trona, can be determined with the aid of the following

formulae (see [6.3]):

h :a+B- s p _A,g(r,_g\"o. opÈ ' ¡' Ln t@l 
' "too. - :-J_: 6 '3.2)

where:

I' : cost per meter of height increase of the dyke
t' : real state of interest
E : growth rate of the economy

o, þ : constants
S : total damage costs

IÈ ís notable that neither the cost of rnobílization of resources for
heightening the dyke, ro, nor the present (already existtng) height of
the dyke,ho, occur in the expression for the optirnar probability of
failure.
Yet this cost item does play a part if it has to be decided whether
heightening the dyke is economícally advantageous or whether it is q¡iser
to leave things as they are. To make this decision the two alternatives
must be compared in terms of total cost involved. The total cost of dyke
heightening can be calculated. IÈ is equal to the cost of increasing the
height to ho.opt plus the cash value of the Èhen existing risk.
Heightening the dyke wirl be undertaken only íf (see Figure 6.3.2) the
total cosÈ that this alternative ínvolves is less then the cash value of
the risk in the old situation.
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cost

c

optimal height
c - cash value

- ln (P¡)

a dyke.

expected loss.

\ C.I

point of .

mínímum

Fig. 6.3.2: Dererminíng rhe
I - investment,

of
of

Example

The constants adopted for the Delta plan in
walues:

1954 had the following

S

r'-E
I'
a

: 24.2
: 0.01s
:40.1
- 1.96

p

h
o

I
o

x
m

x 109 guilders : 0.33 ¡n

- 3.25 ¡n

- 110 x 106 guilders106 guílders/m

followed a dyke height and failure probabiliry of ,
From these values
respectiwely:

o.opt - 5'82 n

If, despite ethical
rated at an amount

Pt -8x10-6peryear
opt

and

objections to such an approach, a hr:¡ran life is
s, an insighE of the effect of this upon the optirnal
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ity is obtained.
increased to:

For this purpose the amount for

(6.3.3)D^dlf

vrhere :

D_'dlf -
Np

p-
t opf

The expression derived for the
consequence of thls adjustment

I' B (r' - s)

optimal failure probabilÍty is altered
of the total loss amount:

(3.6.4)

Np s+S

probabílity of dearh
m¡mber of ínhabitants
cost of htrnan life

Pa¡t Nr s+s

in the evenË of failure
involved

1n

IÈ is seen that the optimal failure probability shows a do¡,mward trend
with increasing number of victims. l.Iith this addition, however, the
problern of the value of a human life has been inËroduced. Numerous
approximations for this are to be found in the literature. In the
present study it is proposed that the value of a human life be equated
to the cash value of the net naÈional product per inhabitant of Èhe
Netherlands.

l'lorking Group 10 of Èhe TAI+r is furthermore of the opinion that in as-
sessing acceptable levels of risk, it is advisable to take the posstble
loss of lives into account ín economic terms.
The affordability of safeÈy measures ín the context of the national
income remains assured if the nethod described here is adopÈed as a
guiding princÍple.
A lirnitatíon of the nathemaÈical-economic approach ís that it presup-
Poses the total loss ín the event of failure to be small in relation to
the economy as a whole. rndeed it is, ln a sense, Èhe confidence in the
economy as a whole that makes repair a meaningful proposiÈion. In the
case of very severe damage (heawy loss) the attítude of neutrality with
respect to risk, as pressumed in the calculations, would no longer be
valid.
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Exarnple

By way of illustration Èhe calculaÈion of che height of the dykes around
Central Holland can be extended to an evaluation relating to the number
of victims.
The following values are chosen for the constants:

The opËimal dyke helght and failure probability are:

-Aho.opr - 5'89 m and trona - 6.8 x 1O-o per year

so that in this example the effect of the loss of human lives ís linited
to 62 nur height of the dykes (see previous example). Even íf the value s
of a life is increased tenfold, the influence remains rinited:

h -6.19nandP- -r: 
-A-'o. opt "tu taon, - 2 '7 x 10 " Per Year

In faet, the formula for the optimal failure probability consists of two
parts.
An initiar value which depends on the material damage or ross:

(6.3.s)

and an as)rnptote to which the funcÈion tends v¡iÈh increasing number of

Pt
opc

fatal casualities:

D _ ItB(t,-e\-ton, Pa¡r Nr s (6.3.6)



48_

rf the optimar failure probability is plotted as a funcrion of the
mrmber of fatal casualities for the numerical walues adopted in this
example, Figure 6.3.3 is obtained. The sensitivity of the optimal
failure probability to the price of a human life (s - 105 and 106

guilders) is also indicated in this diagram.

Pr

[t,zye arJ

t0-7

/
(t

\st0- 6

t0- s

l0-{

(6.3.s)

l0{ 105 N.= po,, N,

t0-3

t0-2

to2 to3

Fig. 6.3.3: Economic-opËiural failure probability as a

function of the nr¡mber of deaths resulting from
an inundation of Central Holland.
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Standard of appraisal based on accident staÈístics
The second approach to determining the socially acceptable 1evel of risk
starts from the proposition that the result of a social process of risk
appraisal is reflected in the accidenÈ statisties. It seeks Ëo derive a

set of standards from these. The number of fatal accidents in the
Netherlands in L976 is shown in Table 6.3.1.

A standard of appraisal, or norn, for socially acceptable risks should
be based on a model for the social perception of risk. With the aid of
this rnodel it should be possible to show that the parLicularly 1ow

probability of faial accidents is perceptible Ëo members of the
cornnunity. secondly, the nodels should be able to explain the inverse
proportionality betvreen the permissible probabilíty of an accident and
the number of deaths involved.

As a model hypothesis in the present study ít is assumed that an
individual assesses the social risk level on Èhe basis of Èhe events
rvithin his círcle of acquaíntances. Assuming for the moment that the
average circle of fairly close acquaitances can be put at 100 persons,
the probability of a death occuring within that circle in consequenee of
natural causes is equal to:

_1 _tP(death):10-'ro 1O-'x 100:0.1 ro 1.0 per year

Similarly, the probability of one deaÈh ¡morrg the acquaintances due to a
road accident is:

L972: P(death)

I976: P(death) : 2L7o -

13 x l-06

1980: P(dearh) - 2200 - x1O0
14 x 10b

: L.4 x 1O-' - "nnro*. L/72 pex year

x 100 : 2.5 x 1O-' : "nnro*. L/40 pex year

x 1OO - L.7 x 1O-' : "nnto*. L/57 per year
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Through the instrument of the circle of acguaíntances the particularly
low probabilities of a faÈal accident, which appear socially acceptable,
are made perceptible. The recurrence Èine Ís within the order of
rnagnitude of a human life span.

rn seeking to estabrish a norm for the aceeptable level of risk for
civil engineering structures iÈ is more realistic to base oneself on the

Table 6.3.1: Number of deaths due to accidents in the Netherlands in
:1976 (based on 13.106 people).

Situation number of deaths probabilíty

in the home younger

older
in the street
on raíIv¡ay crossi_ngs

public buildings
insÈiÈutions
public qraterways

Èhan

than
70

70

808

13 68

L34

36

20

79

377

2822 10
-4

factories
on board ships
af sea

sea- and airports
railway accidents
in the open country

106

2

1

I
67

24

208 5.5 t0 -5

road accidents
sport and leisure

3300

33

2303 1.65 x 10-4

not known 2gg 1.64 x 1O-5

total 5562 4.0 x 10-4
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number of deaths due co causes other than road accidents and accidents
in the home.

The probability of a death occuring within the circle of acquaintances
due to a non-voluntary activity in the factory, on board ship, at sea,
etc. is approxirnately equal to:

P(death) : 208 x 100 - L.4 x lO-3 prr y""t
14 x 10b

If this observation-based frequency is adopted
Èhe safety of acuivity i, then with due regard
voluntary character:

) Np. P¿lr. . P. 100

< g* * I.4 x Io-2
14. 10-

É* x 1.4 x 1o-2 14 x 106
*t, tula. x loo x 2o

the norm for assessing

þ* : 0.1 for the non-

(6.3.7)

(6.3.8)

as

to

On rearranging this expression, and adopting a comparaÈlvely arbitrary
distribution over for example 20 categories of activities, the following
norm is obtaíned for an activity i in situations pertinent to the
Netherlands:

Pf. 
'].

This norm should be interpreted in the sense that an activity is permis-
sible so long as it can be expected to claim fewer than p* 1OO deaths
per year. The model applying the circle of acquaintances as the in-
dividual's instrument of observation justifies an inverse
proportionality beÈween acceptable failure probability and number of
deaths

The norm proposed here does not, however, distinguish between two ac-
tivities with the following danger aspects:
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Although n{n.r), the mathematical expect.ation of the number of victims,
is the same in boÈh cases, in the first case Ëhe ntrmber of lives lost
would be 100, whereas in the event of the second accident occuring the
number would be 100000. This palpable difference is mathenaticarly
manifested only in the dispersion of the number of deaths, which can be
represented with the aid of the binominal distribution:

The aversion to Èhe second case can be represented maÈhematically by
adding a reliabiliÈy requirement to compliance wÍ-Èh the norm. For this
purpose, depending on the reliability requirement inposed, the
mathemaËical expectation of the number of deaths, E(Ndi), is increased
by the desired rnultiple of the standard deviation before the situation
is tested against the norm:

E(Ndi) + k ø(Nu1) < po . lOO (6.3.e)

where:

k = reriabilíty index followÍng from o(-k) (see table 2.2.L)
O(-k) - reliabiliry requiremenr

For a correct determination of the maÈhematical expectatíon and the
standard deviation of the number of deaÈhs occuring annually in the

E (Ndi ) o2{nur): (1 - Pf.)
1

ø(N¿1)

1.0x(1 -

0.001 x (1

1-.0) x 100

- 0.001) x 100000
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context of activiiy i, iÈ is necessary also to take i.nto accounts in how
uany independent places NA the activity under consideraÈion is carried
out. The nunrber of such indepedenÈ places ís of no influence on the
expectation of the nurnber of deaths, but it does affect the dispersion
of this. After some rearrangemenË we obtain the resulÈ for tshe

perrnissible probability of failure, which has been plotted for a number
of values of NO and of the discretion factor É* in Figure 6.3.4. A value
of 99.9t has provisionally been adopted for the reliability requirement
O(-k), whence k:3.

For large values of NO formula (6.3.9) degenerates into
which the acceptable probabiliÈy of failure is ínversely
the ntrmber of deaths (see 16.2)) :

*,8100tt,-'

a simple norm

proportional

(6.3.10)

in
fo

For NO - 1 the requirement is nore rigorous, but the formula retains a
sirnple form (see 16.21):

po2 . 1oo2 Na
(6.3.11)Pt̂-

l- k2 t*r, tu¡ ,. )'

The more than proportional
with the number of.deaths N

requirement - in turn based
expected number of deaths.

decrease in the pernitted failure probability

pi t¿lt, t" founded on the reliablity
on risk aversion - with regard to the

Other explanations for a more Èhan proportional decrease in the failure
probability nay be:
1. Economy of scale in the protectÍon of a larger nr¡mber of people.

Exercises based on the econometric calculation method likewise lead
to 10¡¿er failure probabilities for greater consequences.

2. The effect of the social channels of comrnunicaÈion is more inÈense in
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resPonse to 100 deaths all at once than to 100 x 1 death. The cause
lies in economy of scale in politics and the press.

3. The social disruption is more than proportional to p,, - . If annal ro ,ulfr. ,
accident results in the deaths of lt of a social enÈity, its further
functioning remains possible. But íf, sây, 50t of the person
concerned lose their 1ives, the socíal structure is disrupÈed and the
conËinued existence of the organizaxion as a whole becomes doubtful,
even though half Èhe number of individuals survived the accident.

These considerations have not found expression in the model presented
here, however.

In order to test the model against what ís consÍdered to be acceptable
in the Netherlands, some activities have been plotted in Èhe same kind
of díagran (Figure 6.3.5). The probability of an accident or the failure
of a system ís represented on the vertical axes; the number of deaths
arising from the accident or failure is represented on the horizontal
axes. Thus, the probabÍlity of inundation of cenËral Holland, as
envisaged in the guidelines drawn up by the Delta Comrnission, is of the
order of 1o-4. rf central Horland is inundated, the number of deaths
will be of uhe order of 10,000.

If every motor car in the Netherlands is involved in a serious accident,
the number of deaths resulting froro this is approximatety 4 x 106.
However, the probability of an accident is 2 x LO-4 per car.

The lines sloping at 45o in Figure 6.3.5 each correspond to a constant
mathematical expectation of the number of deaths. For example, about 100
persons are expected to die in industrial accidents each year. The
mathematical expectation of the number of deaths due Èo inundatíon of
central Holland is 10-4 x 104 : 1.0. The expectation of the number of
deaÈhs in motoring accidents is approxinately 1500.

The norm derived in this way turns ouÈ to be somewhat more stringent
than is allowed in reality.
rn view of the agreement between the norm for Èhe socially accepted
rísk, as derived in the present study, for the proposed values of p* ¿¡¿
a reliabí1ity requirement of 99.9t an adjustnent of the provisionally
adopted values does not appear necessary.
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Henceforth the following values u¡ill cherefore always be applied:
*p - 10 : voluntary activity
*p - 1.0 : neutral activity
*p : 0-1 : non-voluntary activity

O(-k) - 99.9t : reliability requiremenr, whence k - 3

Pr,

[tzyear]

t0 
-t

t0 -¡

t0-l

t0 -.

t0 -!

r0 -?

t0{

t00

Fig. 6.3 -4:

'rsz
r /èò

( 6.3.9 )

(6 3.ll)

c,, a\èÞ"s'- \*z
\

Q\.

Q \'.

106

*t, = tt' t,

(6.3.10 )

Trend of che social safety norm for so¡oe values of p*
and NO; the probability of an accident is marked on the
vertical axis; the horizontal axis indicates the number

of deaths if the accident probability is 1.0.
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Fig. 6.3.5: Position of some activities in the Netherlands; the
probability of an accident per syscem is narked on Èhe

vertical axis; the horizontar axis indicaces the number
of <leaths if the accident probability is 1.0.
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Other social or1anízations and authorities have also made pronouncements
on the socially acceptable risk. ThÍs, the EnviroûDent Note of the
Province of Gronir.gen [6.3] and the LPG rnregral srudy of the Ministry
for Public Housing and Regional Planning express view on this subject
t6 .41 .

For the purpose of comparison the essentials of these tliro approaches are
represenÈed graphically in diagrams as adopted in this study. rt is
notable that both approaches assume a proportionality between the
aeceptable probability of failure and the square of the number of
deaths.

The social aeeepÈability of rlsks according to the Environment Note of
the Province of Groningen [6.3] is represented in Figure 6.3.6.

The recent norm established in the LPG Integral Study is represented in
Figure 6.3.7 .

These norms for the group risk are much more stringent than the concepts
developed in the present study. A disaster resulting ín 10.0OO deaths is
entirely unacceptable, so thaË in the light of this assessment the flood
defences of central Holland would need inprovement forthwith.

Finally, Figure 6.3.8 gives the diagram contained in the Rasnussen
report, showing the frequency of fatal accidents due to naturar
catastrophes in the united states. From this widely cited diagran it
appears that in that country the risk due to natural phenomena is an
order of uragnitude hígher than the risk considered acceptable with
tegatd to human activities. In other words, risky human activities make

only a srnall contríbution to the overall level of risk.

The possibly different perception by the general population of risks
associated with human actívities (industry, nuclear energy) as against
risks associated with natural events (earthquake, inundation, hurricane)
is not íncorporated in the maÈhematical descríption of the socially
accepÈed risk in Èhis section.
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6.4 A concept of acceptable risk
Several concepts of deÈermining the acceptable level of risk have been
presented in the foregoing section. One approach, based on accident
statistics, has been given for the personally acceptable level of risk.
The socially aceeptable level of risk has been approached in Ewo lrays.
First, the mathematical-economic approach of the material risks weighed
against the cost of safeguarding against thern. Second, an approach based
on a model of social perception of risk.

In assessing the riafety of a polder three approaches should therefore be
investigated:

- The Personally acceptable risk v¡hich a member of the cornmunity is on
average prepared Èo accepÈ. In simplified form this risk ís
represented by:

-* - ^-;Pr . ftg (6.4.1)-i '¿l fi

where:

Px : discretion facËor, ranging from 0.1 to 10 dependíng on Èhe

degree of voluntariness
P¿l.fi - probability of death in rhe evenr of failure

- The economically optinal level of risk, ln connection with which the
value of a human life must be taken inÈo account. An objective measure
of the value of a human life is the cash value of the net natíonal
product per head.
The optinal level ís attained if Èhe marginal cost of safety measures

is jusÈ equal to the marginal benefit.
- The socially acceptable level of risk, on the basis of the assumed

risk aversion model, which leads to the following evaluation of the
acceptable probability of failure for two liniting cases:



po2 . too2 No

t2(P¿r fi *r)'
for No

where:

NO : nunber of places where Èhe

É* - disc.i:etion factor, ranging
Nn - number of participants

for NO

activity occurs

frorn 0. 1 to 10

P^t.
1

Pt̂.
1
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tt+
'f.

I

.. Þ:t.
T

(6 .4.2)

(6 ,4. 3)

The most rigorous of the three criteria should be adopÈed as the govern-
ing criterion.
In this context it is to be noted that, from macro-economic considera-
tions, Ít is. not .advísable to depart in many cases and greatly from the
economically optinal level of safety. The degree of safety to be
provided could otherwise become unaffordably expensive.

To illustrate the proposed procedure, it has been applied to central
Holland. The results are represented in Figure 6.4.L.

From the personal point of view an inundation probability of Lo-2 is
acceptable. Economically speaking (assunÍng 3.104 casualties in the case
of inundation) rhe acceprable probability equals 5 x l0-6. Basing
oneself on the social point of vÍew expressed by (6 .4.3) a value of 10-8
is obtained. Note that the presenÈ aím is somewhere between 1O-5 

".rd1O-4. This safety level ís even lower than the economic opÈirnum and far
lower than accepÈed by soclety for new risks as LNG or nuclear power
plants.
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6,5 Some pfactical consideraËions in connection with the .stendarà ¡F
appraisal adopted
In practice a great many considerations may influence the standard of
appraisal, or norm, to be adopted for safety. The hazard to a polder
from two different v/ater regimes (e.g., a sea and a river), an absolute
upper linit to Èhe amount of money available for dyke improvement, or a
policy inspired b.y oËher criteria (e.g., enwironment), are examples of
such considerations.

If a polder is at risk from two sides, the probability of inundations
will be between the bounds:

max{Pç)<Pc
i-f i 'syst i-l ti

where Pr. is the failure probability of dyke i.
t-

r- Ì1:l 1 Acc

The probability of inundaÈion is equal to the lower bound if failure of
both dykes ís conpletely correlaÈed (for example, thTo branches of the
same river). rf there is complete independenee, i.e., f,o correlation,
the upper bound is virtually attained.
Now if, on the basis of the considerations advanced in the preceding
section, the acceptable inundation probabílity has been set at pf 

,

accthen for comprete dependence the requisite safety of the dyke is
directly found as:

P^:P^ <P^Irl^tL¿ACC
(6.5.2)

rn the event of independence, however, the ehoice is indeterminated
because a criterion of division ís lacking. But even sol

2

(6. s.1)

(6.s.3)
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To adopt equal division between the Ëwo dykes appears obvious. Yet this
is not an optimal choice, as will become apparenÈ below.

If the amount of money available for dyke improvement is lirnited and

insufficienÈ to achieve compliance wiÈh the norm imposed, there likewise
arises a problem for which a sensible solution is not directly
discernible. The same appries to the situation where one dyke is not
allowed to be modified, ê.g., for environmental reasons. rn the case of
complete correlation, improvemenË of the other dyke is meaningful only
to the level where the two dykes are equally safe, even though this
lewel is not in fact aeceptable. If there is no correlation between the
two dykes as regards failure, irnprovement of one dyke always results in
a reduction of the probability of inundation. If the dyke which is nor
allowed to be imp::oved does not satisfy the norm pacc, Ëhe requisite
safety for the whole polder is una!tsainable. Will heighrening the orher
dyke then serve a useful purpose?
The only approach in Section 6.4 thaË can provide anstrers to the above
questions is the econometric nodelling of the problen.

The only failure mechanism considered here is "overflowing", while iË is
moreover presupposed that the dyke heights (crest levels) hot and ho,
have deterministic walues, so that the probability of failure is
deteruined by the high-water exceedance lines:

-hoi-o
t'r--Fs.,,rt(hor):" P

-ho2-r

"r- 

Fs.,rr(ho,) - t 6

(6.s.4)

(6.s.s)

(6.s.6)

The capital investment Èhat can be made in the two dykes is a function
of the height:

I:Io*Ilhol *I2ho2



The total cost function for
"independent v¡ater levelst',

ctor : ro * rlhoL + r2ho2 +

cror : ro * rrhoL + r2ho2 +

The optinal safeties of the

of dependence:

(TtP + 126) (r'-g)
s -ttr-",

of independence:

the cost CfOt.
In the case

Pt̂ svst" opÈ

In the case

P-t svst- opf

rr þ G'_g)
^f, s

oPt

I" 6 (r'-g)
L'f2opt s

It is notable Èhat the optirnal probability of
ís the sane for both cases. I,Iith dependence,
overflowÍng is the sâme for both dykes. I{ith
so. The optinal overflowing probabíIities are
other:
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the cases "dependent rsater
respectively is:

ù nax {Pfl , 

"r's .-
æ tPr, * Pfr)

dykes can be deterrnined by

levels" and

(6. s.7)

(6. s.8)

minímization of

(6.s.e)

(6. s.10)

(6. s.11)

(6. s.12)

inundation of the polder
the optinal probabiliry of
independence, this ís not
in a fÍxed ratio to each
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h-u
", 

rz6

' I, 6 (r' -g),rr: (1 + t) tft-l

Even Ín a case were budgeLary restr ctions p event optirnal dy e

heightening the econometric nodelling approar h provides an answer if
these restrictions are taken into account in it.
On working out the problem it is found that he safet of the polder is
increased to the extent th¿ t the budget aIlo s it.
In the case of deÞendence:

I^6) (r,-g)
Pt :(1 +)) - 

--Pf 
-Pç (6.5.14)

syst L '2" opt

where I Ís a valu so as t exhaust the budg:t À > O).

In the c se of iå ependenc':

Ir þG'-e) Io 6(r'-g)Pf____- -(1 + ){ft-+ 

-r 

(6.s.1s)
svst" opt

11 þG'-e)Ps - (1 + À) (-) (6.s.16)t1

(6.s.13)

(6. s.17)

The conclusions arready drawn are not affected by the budgetary
restricÈíons. The restrictions are taken into account by increasing all
the econonically optirnal failure probabilities by a factor (1 + .\) of
such magnitude that the budget is still just sufficient for the dyke
heightenings.

rn the case of an overriding objection (e.g., envirorulentar or scenic
eonservation) against increasing the height of one of the two dykes
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there is the question whether, and to what extent, it is meaningful Èo

íncrease the height of the other.
I^Iith cornplete dependence, heightening the other dyke is meaningful only
if that dyke is less safe then the "inviolable" dyke. Further adding to
the height will not improve the safety of the polder. On the other hand,
with independence, âny heíghtening of the dyke which is allowed to be
modified will result in Eteaxer safety. Further working-out of the
problem shows Èhat, from the economic point of view, heightening to the
optimum already mentioned is sËil1 raÈional:

The probability of inundatÍon of the polder now attains the value:

I, 6(r,_g)
D:DJ^f 'f.' ssysc I

M
PG - max (P- )
'syst i:l ti

(6.s.18)

(6.s.le)

(6.5.20)

An application of the concepts developed in this section has led to Ëhe
assertion that the permissibre probability of failure of the range of
dunes that protects central Holland against the sea is 1o-5 per year.
On the basis of the drasËic sirnplifícatíon that the breachings of all
the sea defences around Central Holland in conjunction with the storm
tide 1evel as the principal hazard are completely dependent events, the
probability of inundaÈion can be calculated from:

Put into words, thís means Èhat the chain of sea defences is no stronger
than its weakest links. Now if - disregarding the dunes - the storur tide
level Ís imagined as raised to above the design water lever of the
dykes, it appears that the dykes located downnrind are the first to be
overÈopped. For Central Holland these are the dykes along the right bank
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of the River Maas. trühen the storm tide level has risen about 0.70 m

above the design \¡rater level, the safety margin (Section 1.2) has been

consumed and water begins to flow over the top of the dyke. The

probability of suc.h a storm tide is 1O-5.

It is notable that this probability roughly corresponds to the economic

optimum calculated i-n Section 6.4.

Reverting to the dunes as sea defences, it can be inferred that in the
given situation of dependence there is no point in seeking Èo increase
the safety of the dunes above a failure probabitity of 10-5. This choice
therefore does not in fact involve any applicati-on of a norm for the
permissible probability of inundaÈion. It is intended rnerely to tie up

wÍth the flood defence situation whích has been established Ín
consequence of applying the Delta Cornmission's guidelines. In conformity
with this consideration the general rule is that the probability of the
breaching of dunes should be less by a factor of 10 than the frequency
of exceedance of the design water level indicated by the De1ta
Conmlssi.n (including economic reduction) .

However, in the event of a social consensus being reached that his value
of the inundation probability is too high, it will necessitate upgrading
of the whole sea defence system.
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7 . TIORKED EXAMPLE

Several of Èhe preceding chapters have dealt Lrith subjects which are
relevant to the design of soundly conceived flood defence sÈructures.
The present chapter is devoÈed Èo an example relatÍng to the design of a
river dyke and incorporating the said subjects. The design procedure
will be demonstrated with the aid of this example. A detailed
description ís given in [7.1]: "A probabilistic d.yke design" (in Dutch).

7.I StatemenÈ of problern
The probrem to be Èackled in this exampre is the design of a
for Èhe protection of a particular region. The design must be
contrived that the sr¡n of the dyke constructíon cosÈ and the
loss (due to inundation damage) in the protected region is a

river dyke

so

expected

minimum.

nrhere:

cconst
E(S)

Expressed in formula form the total cost CTOT is:

cror:cconsr+E(s) (7.1.1)

cost of construction of the dyke
capiËalLzed loss expectation (probabÍlity x ross, capitalized
and stunmed)

The priroary optírnizaËion parameters chosen for the dyke are its helght
(crest level) ho and its angle of srope c (assumed to be the same for
the outer and the inner slope). The cost of inspection, maÍntenance and
repair of the dyke is not taken into consideration. The rate of interest
and the service life of the dyke are taken into account, however.

The dyke to be designed and the region it is destined to protect are
shown.schemaËicaIly in Figure 7.L.L. Here follows further information on
the ríver, the ríver dyke, the protected region and the failure
mechanisms considered.
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Flg. 7.1.1: Plan of river and dyke.
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a single flood Ìrave, the water level ln the river
hazaxd throughout Èhe year; see Figure 7.L.2.
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:. T .l

parabola

Fig. 7 .L.2: Shape of the flood wawe and indication of water level
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The shape of the flood wave is parabolic. Furthermore, the width B of
the river is assumed to be constant at 400 ¡n. The bottom level \ of the
river ís 3.5 m below reference dattun. The gradient of the river bed is
assumed to be Ib : 1O-4, and the Chezy constant is taken as

C - 40 æm/s.

River: dyke

The length of the dyke LU is 20 k¡n. Its schematized cross-section is
shorvn in Figure 7.r.3. rc is symmeËrical in shape, consisting of a sand
body whose outer sl-ope is provlded v¡ith a covering layer of clay- The
crest of the dyke is at a revel ho above reference lever; the width
across the crest is bU - 3 ¡n; Ehe width across the base i,s Lr. The

subsoil consists of sand with a 3.5 m thick overrying layer of clay. The

slopes forrn an angle c s¡ith the horízontal .

bt=3mH

rise in
water Iev

ht:3'5

l* tt 
,l

//// = cray ii:i::i;iiä::i = sañd

Fig. 7.L.3: Cross-section Ehrough the dyke.

rf desired, a forerand (or winÈer bed) can be created on the outer
(i.e., riwerward) side of the dyke by loeating the dyke farrher
landward. The width of rhe foreland is Lr.

u dk'3'5m

I
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ProÈected region
The protected region has an area A - 2OO krn2 and is located entirely at
the level hr: +0.5 m. A proportion orA of the region is assumed to be
used for residential occupation, a proportion of o.ry'. for agriculture and

the remainder arA for industry. The factors al, a2 ar'd a3 are
respective 0.06, 0.93 and 0.01. For the purpose of the inundation
calculations the region is assumed to contaín no - intended or
accidental - floodwater retaining structures within it.

Failure mechanisms considered
rt is assruned that inundation can occur in either two ways:
a. As a result of overËopping of the dyke without collapse thereof.
b. As a resulË of breaching of the dyke.

The following mechanisms causing a dyke breaching are considered:
- macro-instability of the inner slope;
- piping;
- micro-instability of the inner s1ope.

In actual practice, more mechanisms rvill have to be taken into account.

7.2. Stochastic waríableq
Table 7.1 presenLs a revievr of all the variables. Most of them are
deterministic. The stochasËic variables ruirl be examined below.

A. Flood wave in the river

- Highest nater level h:
rn accordance with conmon practice, the highest water tevel Â is
assumed to conform to an exponenL distribution (extrene type rrr
for miníma) or lùeibull distribuÈion r¡ith k : 1, see t7.ll and
chapter 3.
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- Duration T of the high water associated with the flood wave:

This duration T is assumed to conform a log-nornal distribution. A

study of the discharge daÈa of the Rhine 1,7 -L) has shown a log-
normal distribution to be a reasonable assumption.

The probability density function of T then becomes:

t
_ (ln¡ - p.r)-

rr(r) -# " 'oyz (7.2.2)
)

where y : ln T, while y is nornally distributed; p, has been taken
as 7.5 days and ø, as 4.5 days.

B. Soil parameters

The following parameters of sand as well as the clay are assumed to
be stochastic:
k - permeability
I : angle of internal friction
e' : cohesion

^.0 
: h.. "s/dk eq equivalent leakage factor of the layer of clay

on the outer slope, taking account of perforations in this
layer.

k,_ -_ - equívalent permeability of clay.K.eq
4_ ^_ - equÍvalent thickness of the clay layer (see below).K.eq

The coefficients of variation in Table 7 .L are based on esÈimates; in
an acÈual case iÈ will be possible to provide a statistical basis for
some variables, but for others it will still be necessary to rely on
estimated values.

C. Geometry parameÈers

- Thickness of elay layer on ouÈer slope:
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Table 7 .2.1: ûverview of the problem variables.

Des c r ipÈlon lypc tL oltt

h
T

c'
k

0
k

k
L

ct
z

0
zl
z

hithest water level (upsÈream)

du¡ation of hl8h wa¿€r

cohesion (clay)
mgLe of internal friction (clay)
permeabiliLy (clay)

coheslon (sand)

angle of lnte¡nal f¡lctlon (land)
pers¡eabll-lty (sand)

thlckness of clay Iayer under dyke

equivaLenb leakage facto¡ of clay layer
on ouber slope (-k_ ld, )

k. eq k.6q
wldth of breach
model facÈor (piptng)

N

N

LN

E

LN

D

N

LN

LN

LN

N

3

1.5

10

20
-8

10

0

35
-5

10

3.5

-7
z. ro
100
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E

days

2
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degrees
m/s

2
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D

Lls
D

0.30
0 .60

o.20
0 .20
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1.0
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botÈm wldth of dltch D 1.0
dlstanc€ f¡om ¡efe¡ence daLum to bottom of dltch D 0.50
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gradient of ¡lver bed. D 10 
4
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m
3
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m

B
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m
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The thickness of this layer is irnportant with regard to the
permeability thereof. The effect of variation in the thickness is
combined with the permeability of the clay:

r :k /d-eq K.eq'K.eq

- Thickness of clay layer under the dyke:
The layer of clay on which the dyke rests is of variable thickness,
assumed to conform Èo a normal distribuÈion. The mean thickness is
taken as 3.5 m, and Èhe coefficient of variation as 0.2.

D. Model factor for oioíns
In connection rrith the piping mechanism a model factor is introduced
in order, among oÈher purposes, to represent the variation in the
results (see Section 3.5.2). This factor ís used in Lane's criterion.
The distribution is of the normal type with ¡r - L.67 and V = 0.2.

E. I.Iidth of the- trreec.h

The width of the breach in the dyke rnay vary Breatly. There is an
almost complete lack of reliable data. The distribution is assumed to
be of the log-normal type. The mean width is taken as 100 m, and the
coefficient of variation as 1.0.

7.3 Calculation orocedure

7.3.I Optinization of trre dvke desísn
As stated in section 7.L, the total "o"t cTor must be optirnized. For
this purpose it is necessary to determine the mininum of:
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ctot-ccotlsr+E(s) (7.3.1)

by an appropriaÈe choice of the design parameters ho and tan a. In the
investigation the minimum has been determíned by assigning a limited
number of discrete values to ho and tan c, namely, ho - 6, j, g, 9 and
10 m and tan o : I:2.5, 1:3, 1:3.5, I:4 and 1:5.

7.3.2 Cost of constrr-rction
The cost of construction of the dyke is assumed to be dependent only on
the voltune of the body of the dyke. The formula for calculating the cost
of construction then becomes:

CCONst : L¿ ho (ho cotg c + b¡) fb (7 .3.2)

where:

L¿ : lengrh of the dyke : 20 km

ho - height of dyke (crest level above dataum) (design parameter)
Èg c - slopes of the dyke (design parameter) (ínner and outer slope)
bt -crestl¡idth:3n
ft - cost of construction per unít volume

7 .3.3 CapiXalized loss exoectaríon
In the event of failure of the dyke, inundation will occur, resulting in
a particular amount of damage or loss s. As for the inundation
parameters, s is assumed to be dependent solely on the depth of
inundatÍon d.

The loss expectation in the year i is:

E(s):P(Fr)xs

where P(Fi) is the probabiliry of fairure in rhe year i and s is rhe
loss that occurs.
Taking account of uhe real rate of inÈerest and the intended service
life of the dyke, the capitalized ross expectation can be written as:
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N P(F,) S

E(S):
i:f (1 * r')

where r' is the real rate of interest and N the intended service life.

If N is large and P(Fr) is constant over the years, E(S) ean

alternatively be written as:

E(s) : -1 rcrrl s (7.3.3)

1E(s) : i Î s(d : 6) rd(6) d6 (i .3.4)
o

where fd(6) is the probabíllty density function of the inundation depth
d (see figure 7.3.1) .

7.3.4 Loss as a fúnôtion of imrndation rlenth
If inundation occurs, damage and therefore loss will be íncurred in the
region protected by the dyke. In the present case only the loss
associated with damage affecting dwellings, agriculture and industry
will be considered. It will be assurned to depend only on the inundation
depth and on the size and manner of use of the polder. The following
formula has been used for calculating the loss:

3
S-A->.oiSicr(d:6)

1:I
(7.3. s)

where:

A -: total area of the protected region
oi : proportion of the area used for the categories:

residential (i - 1), agriculrure (i : 2), indusÈry (i -3)
Si - maximum possible loss for category i
cr(d) - damage factor as a function of Èhe inundation depth d for

category í; the damage factors as functions of d are represented
in Figure 7 .3.2
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Fig. 7 .3 .L: funcüion for the lnundation depÈh.

123!,
+ inundation depth d (m)

Fig. I .3.2: Damage factors associated wlth inundaÈion

7 .3.5 fnundation depÈh

From the insEant of failure of the dyke, which is taken as Ëhe instant
when the value of the reliability function Z becomes less Èhan zero,
wacer from the river is assumed to flow inËo Ëhe protecËed region. The
inundation depth d is therefore a function of time E. The maximum

inundation depth has always been adopÈed for the loss calculation.

7.3.6 Probability densitJ¡ funcrion for inundation deprh
Given the formulae derived for the inundation depth d (see chapter 4),
the probability density function fd(6) needed for the calculation of

'5

ensicy

industrJ___¿'_1

agriculture

residential
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E(S) (see formula 7.3.4) can be calculated. The procedure is that the
probability d > 6 has been determined for a number of values of 6. The

probability densit.y function then follows in prineiple from:

(7.3.6)

The probabilities P(d > 6) have been calculated ¡,¡ith the aid of a level
II analysis in accordance wíth the Approximate Ful1 Distribution
Approach (AFDA) (see lz.Ll to 1,2.41). For this purpose rhe PROBAB

computer program of TNO-IBBC has been used. For calculatíng the
probabiity P(d > 6) it has already been assumed thar the dyke fails.
What is actually calculated ís therefore:

P(d>6andfailure) (7 .3 .7)

This means that the probability of a composite event has to be

calculated. Various methods for doing this are conceivable (see Section
2.3) .

7 .3.7 Computational scheme

For an individual mechanism Èhe calculation procedure consists basieally
in determining successively for each chosen design combination (ho,
tan a):
- The probabiliry of failure p(2. < 0).
- P(.Zo < 0) - P(d > 6) for the various values of 6(0.25 - 3.5 n).
- The correlatíon coefficient p(ZoZì for the various values of 6.
- The probability p{,Zt ( O and d > 6) - Fd(6).
- The probabiliry densíry funcrion fU(6)
- The loss expect,¡tion E(S) according ro (7.3.4).
- The cost of constructior CCONS, according to (7 .3.2) .

- Ihe total .o"t CTOT : CCO¡lSr + E(S) (7.3.1_).

The true optimurn can be determined only if the mechanisms are combined.
Primarily, the mechanisms have been dealt with separately.
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7 .4.L

Results per rnechanism

ûverf lor^¡ins

The mechanisrn of overflowing
iÌlustrated schematically in

L82-

( overtopping
Figure 7.4.L

by high lrater level) is

Fig. 7.4.L: l{echanism of overflowing.

Failure probability:
Failure can be said to occur if the water level^
higher than the crest lewel of the dyke, or if h

reliability function Z, is rhen:

21-ho-h

in the
>h

o

river becomes

The

(t.4.L)

mechanism can easily be analysed by manual calculation:This simple
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r-P{h<ho):l-F;(ho)-"

h -2.1
o
0.9

level h

P(failure) : P{21<0) -

The failure probability
represented in Figure 7

Probability density function
On working out the formulae
\rave, the maximum inundation

function of the crest

of inundation depth:
in Section 4.2 and the shape of
depÈh d is obtained from:

ISasa
t+.2 .

che flood

t<ailr q
T¿

r
%

The integration limits % and Ëe

from:

"e,b

The submerged weir situation does

leve1s under consideration.
From the formula for determining
with this mechanism Èhe condition
satís fied.

(7 .4.3)

not occur with the dyke crest

inundation depth ic follows that
t ho (: failure) has already been

]trr
ater

+

I

î

w

J tt - (holh) ) 1

tevet

tb t e

Fig. 7.4-3: Locatlon of the llnits of integraÈion \ and Ë.

for Ehe mechanism of overflowing.

the

h

+ ho)3/2 - ino+no)3/2) dr (t .4 .2)

(see Figure 7 .4.3) can be calculated

rll
llt



-r84-

h.)

l8

,tn

I

I

I

\

\

\

\
g. t0-.(= t : l2 50 )--;--i---t---

\

0557¿9to
8.52

- 

¡. [-J

Fig. 7.4.2: Failure probabiliËy as a function of h for
the mechanism of overflowing.

r6

r¡

t2

r0



c. 0ptimum crest level:
For the 1:3 slope the curves
loss expectation are plotted
Figure 7.4.t+. For this slope
the other slopes the optírnum

Figure 7 .4.4.

-18s-

for the cost of construction and for the
as functions of the crest level ho in
the optirnum crest 1evel is 9.25 m, For
crest levels are also indicated in

for a L:2.5 slope
on the crest level
steepest slope.

Some commenËs on the results:
- The variation in optimum crest leve1 is sma1l:

h- 8.75 for a 1:5 slope and h- ___ - 9.25o. opE r - ---- --o. opt
- Since the probability of failure depends so1ely

h^, the opÈirnum cost is of course least for theo'

7.4.2
Figure 7.4.5 schematically shows the mechanism of macro-instabílity of
the inner slope..The phreatic line in the dyke is schematized to a

straighÈ line.

a. Failure probabiliry:
Besides the PROBAB program of TNO, rhe srAGRoM and pRosrAB programs
of Delft Geotet:hnics have likewise been used for determining the
probability of failure.
Calculations for circular surfaces of sliding are performed with the
Èwo last-mentioned programs. These calculations yield, among other
results, the stability factor F, which is defined as:

F:M /l'I--re s i s ting' --overÈurning

The reliability

z2-F -'J-

The procedure .tescribed
Èhe failure prubability
point" ) .

(1 .4 .4)

funccion can then be written as:

(7 .t+.5)

in Section 2.2 has been used for determining
(level II analysis making use of "the design
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overview of optimal crest levels

with associated cost
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Ftg. 7.4.5: Mechanism of macro-instability of rhe inner s1ope.

Ttre results of the calculaÈions for the failure probabilicy are given
in Figure 7.4.6.
Sorne conmenLs on these results:

Ttre level of the fallure probabilirles is 1ow (<< A x tO-4¡year).
As was to be expected, the failure probability increases with
íncreasing crest level. The reasons for this are:
- the phreatic line does not affect the governing circle of sliding

for the crest heights and angles of slope considered;
- the disturbing moment increases reratively more rapidly Èhan Ehe

resistlng moment when Èhe cresÈ height increases.
The failure probability undergoes no furÈher increase from a
particular cresÈ level onwards. The reason for this is that the
crest is then no longer wiÈhin the governing circle of sliding.

b. Probability derrsity function of inundation depth:
The maximum inundation depth d can be found from the formulea in
Section 4.2. For the free-nappe weir. The result is (no deduction
given):

t
e

"l b(hz - hr)3/2 at
%

(t .4.6)
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failure (10 -6,/year)rob

200

p a bilit y

slope 1 :

l.hì

89

- 

ho [.J

slöpe

pe 1 : 4

pe 'l

r0

3.5

Fig. 7.4.6: Failure probability as a function of ho for
the mechanism of macro-instability of the inner s1ope.
(Note: failure probabilities are low).
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The value of h^ can be solved from:
¿

The lirnits of integration \ and t" have been taken as follows:

\ : instant at which Èhe river aÈtains its highest lrater level
t^ : instant at whích the overflow changes from free-nappe toe

submerged weir; this situation occurs íf:
)d:ã(h2-hm)

For the suburerged weir:

d(d)-#.r.u.J(62-hr)-d)dE (7.4.8)

rn this formula, too, h, must be solved from the continuity equation:

(hr * \)t/'- ffi 0." /((h2-hn) - d) + (hz * \)t/, (7.r+.e)

The whole procedure has an iterative character.
The calculation is stopped as soon as (d + hn) : ln2.

c. Optirnal crest level:
The total cost for the angles of slope under consideration are
represented as functions of the crest level ho in Figure 7.4.7. rt
appears fron thÍs diagrarn that the cost optimum has not been found
for any of the dyke profiles considered. Crest levels lorser than 6 m

have not been included here. The low cosls nake them irrelevant.
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Fig. 7.4.7: cosr as a function of ho for the
mechanism of macro-instability of the
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7 .4.3 Piping
The mechanism associated
7 .4.8.

with piping is shor+n schenaEically in Figure

Flg. 7 -4-8: Mechanlsm of ptplng.

a. Failure probability:
For the failure mechanism of piping to occur, Ëwo conditions must be
satisfied (see Section 3.5.1) :

1. The bottom of the ditch must ruprure.
2. Continuous transport of sand must take place.

The reliability function Z tlnax follows from Èhe first condition will
then be (see 3.5.8) :

FIt-j

zz.t: Pnk I . t" .eff - pw g(h + \)

where p.,k i. the densiry of rhe wet clay; %s.eff
thickness of che layer of clay under the bottom of
adopted in Che calculation.

(7.4.10)

is the (effective)
che ditch to be

Afcer the bottom of the ditch has ruptured, a sand-bearing spring may
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be formed. rn order to assess whether this wilr occur, Lane's
criterion in a somewhat rnodified form has been adopted. piping is
assumed to occur if:

Ld-
h > rn <fä * fl (h > hkr) e.4.rr)

where:

L - seepage parh length (see Figure 7.4.9)
m -amodelfactor

%" - thickness of clay layer under botrom of ditch

The reliability funerion 23.2 ir therefore:

L¿zz.z' ' (rä*f) - h e.4.L2)

The dyke fdils lf Z^, ( O ar-- _3.1 - - *¡d 23.2 a O. From the function fo, 23.2
it appears that the occurence or non-occurence of a sand-bearing
spring ís deËermíned chiefly by rhe seepage path lengrh \.Accordingly, in Fígure 7.4.9 the failure probabiliry has been plotted
as a function of \. The diagr¡m shows that for a seepage path length
of less then about 90 n the failure probabiliÈy varies greatly in
response to a variation í, h.

b. Probabiliry density function of ínundation depth:
The maxÍmum inundation depth d again follows from the formulae in
Secuion 4.2.

- For the free-naPpe weir the following values have been adopted for
the línits of inregrarion of formula (7.4.6):

.o:ä0-J<r-*>l (7 .4.L3)

where e is Èhe value of uhe ltater level which occurs at the instant
when the two reliability functions (Zl.t and Zr.2) are no 1onger
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t : instant aÈ which thee submerged weir situation is

- For the submerged weir the formulae (7.4.8) and (7.4.9) are
applicable.

c. Optiural crest level (if there is no foreland):
In figure 7.t+.L0 the loss expectation is represenÈed as a function of
the seepage path length \. For the angles of slope under
consí.deration the points of rninínum toLal cost are also indicated in
that diagraur. The dyke profile corresponding to the lowest optimal
cost is the one with a 1:5 slope. The optimal crest levels associated
with the chosen angres of slope are likewise given in Figure 7.4.r0.
For Èhe slopes steeper than 1:5 the optimal crest levels range from
high to very high.

d. OpÈirnal crest level for dyke with foreland:
As stated in point a of this seetion, failure of uhe dyke is governed
by the seepage parh lengrh h and rhe rhickness t " 

of rhe layer of
clay under the bottom of the ditch.

From the results mentíoned in point c of this section ít appears that
the seepage path length is of major influence on the probability of
failure. A long seePage path can be created. by providing a foreland
zone ín front of the dyke. In that case the crest level and the angle
of slope will be determined by the other mechanÍsms for which the
said parameters do affect the failure probability.

7.4.4 Micro-instability of inner slope
Figure 7.t+.lL scht--matically shows the mechanism of micro-instability of
the inner slope.

a. Failure probability:
The dyke Ís assuned to fail (collapse) if so much material is moved
from the inner slope to the toe Èhat the crest of the dyke is
affected. As shown in Figure 7.4.LL, this means that the lever of
point A attains the crest leve1 ho,
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>,/- h'

A t{- n'

transport of sand

B- C = schematized phreatic line during development
of instability

D-E = phreatic line after formation of a seepage
surface

Fig. 7.4.rL: Mechanism of micro-instability of the inner slgpe

The reliability funcrion for failure is:

z.-h4o (7 .4 .L4)

A note compiled by Derft Geotechnics l,j.2l has been used for the
determination of h

a

The results of the calculacions are presenÈed in Figure 7.4.L2. The
calculations have been perforrned only for the 1:2.5 and 1:3 sropes,
the reason beÍ-ng uhat for these sÈeep slopes already very low failure
probabilities were found in comparison with the overtopping and the
piping mechanisms. (Gentler slopes wiIl give even 1ower
probabilities).

b. Probabilicy de.esity function of inundation depth:
The procedure .ìor determining fu(6) is similar Èo that applied in
connection with macro-instability and with piping.
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- For the free-nappe weir Ehe following varues have been adopted for
the lirnits of integration:

\ - instant at which the highest water revel occurs behínd the
clay covering on Ehe outer slope - 3 r,

t" : instant at which the submerged weir situation is reached.
- For the submerged weir Èhe formulae (7.4.g) and (7.4.9) axe

applicable.

Optiural crest level:
For Èhe two angles of slope considered, Èhe cost of construction, Ëhe
loss expectation and the sr¡m of tshese two cost figures have been
plotted againsr ho in Figure i.4.L3. The optinal cost for the 1:2.5
slope hardly dlffers from that for the l:3 slope.

oyerview of optimal crest levels
with associated cost

'cos t (106 guilders)
t0

etd l

slope'l :3

stope l:2.5

.for the rnechanisn

the inner slope.

[-J

[ro'

Cost as a functlon of h

of micro-instabiliry of

c constr.

slope 1:.3:.
r-slopel:2.5

-ì:{ -

Fig. 7 .4 .I3 :
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7.5 Combined failure probabilitv of the dvke

From the results of the individual mechanisms it appears that the
failure probabilit:ies associated with the macro-instability and micro-
instability mechar-,.isms are low in relation wiÈh those associated with
overtopping and piping. For this reason the combined failure probability
has been determined (asstrming independency) only for the two last-
mentioned mechanisms. The results of the calculations are given in Tab1e

7 .5.I. The lowest failure probabiliÈy ís found to be associated with the
highest dyke with the flattest slopes.

Table 7.5.L: Overview of failure probabílÍties of rhe dyke (10-3¡y.^r¡.

h

6

7

I
9

10

L:2.5

56,23

41,58

28,94

20,0

L3,77

l:3

SLOPE

1:3.5

*A'
L2,65

7 ,L7
4,50
2,73

l:4 L:4.5

37,t+7

22,LL

13,95

8,76

6,11

L8,74 L4,65
8,82 5,33
4,35 2,L6

2,42 0,96

L,25 0 ,47

7.6 Optínal dyke design
The optinal dyke design has been determined with the aid of an upper
bound approximation. The loss expectations associated wíth the
mechanisms under consideration have been sr¡mmed per design variant. The

total cost can then be expressed by the formula:

cror
4

- cconsr * 
,], 

u(s)i (7 .6.L)

The optirnal design ís found for a crest level of ho - 10 ¡n and a slope
of l-:5. This low angle of slope is governed more particularly by the
piping mechanism. Of eourse, it rnay well be asked whether this is indeed
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the most sensible approaeh. ru is likely that the problern of piping
could be Ëackled more economically by installing sheet pile walls or
providing a foreland.

In order to gain insighc into the effect of creaÈing a foreland, the
total cost has been determined also for a foreland 1OO m ín widt¡ (Lf
100 n). The effect of the piping mechanism is then found to be
considerably reduced. The new optimum corresponds to ho - 9 m and a

slope of 1:2.5. The slope now is determined by nacro-instability and not
by piping' To dee.í.de which solution is Èhe most economical , a price for
the foreland must be ínÈroduced. In the study which has been carried out
it emerges Èhat for a cost of 30.000 guilders for each meter that the
dyke is sited farther landward, i.e., for each meter of foreland
provided, the optirnal crest level is ho - 9 rn for a L:2.5 slope. In this
case the total cosÈ is less than half of the design without foreland..

7.7 Conclusíons

Some conclusions to be drawn from the research are:

a. From the treatment of the meehanisms under consideration in this
chapter it can be concluded that in dealing with the safety and the
optimizatíon of a flood defence structure, more particularly a dyke,
it is possible to involve lnany more factors in the risk analysis than
just the facto-i: 'rtrater level". IÈ also emerges that the optimization
of a dyke on the basis of the sum of the cost of dyke construction
and loss expectaÈion (assocÍated wíth flood darnage) is feasible.

b. In carrying out level II calculations with the PROBAB compurer
progrâm it appeared that convergence problems may be encountered with
the complicated reliabiliÈy functions. These problems may sometimes
be caused by details. The compiler of the reliability functions
should therefore be farniliar with the operation of a program
performing level II calculations.

The following conclusions relate to the results yield.ed by the
calculations. The reader should bear in nind that they are valid only
within the linits set by the chosen fundamental assr:mptions (geonetry of
the dyke, naterials, mechanisms). In actual practice different solutions
and different límitations will often apply.
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c. If no foreland is provided, only two of the four mechanisms

considered play a significant part with regard to the failure
probability of the dyke, namely, overtopping and pipíng.

If no foreland is provided, the optiural dyke design corresponds to h_
: l0 m and a 1:5 s1ope. The governing mechanism for this design
variant is piping. Under certaín condítions it is more economical to
create a foreland.

In the case where the dyke has a foreland in front of it, a sceep

slope is permissíble, because of the then very low probability of
instability of the í.nner slope. The presence of a clay covering on

the outer slope of the dyke is very effective wíth regard to waÈer

penetration and to the degree of development of the phreatic surface.
Because of this the probability of instability of rhe Ínner slope
(macro- and mí.cro-instability) is low, in spite of the fact that a

considerable permeability of the covering due to plant roots, drying,
or the activities of burrowÍng animals has been taken into account.

f. Restríction of the loss expectation associated with the mechanisms
considered here can obviously be achieved as follows:
- For overtopping: a sufficiently hígh crest level ho.
- For macro- and micro-instabílity of the inner slope: a good clay

covering on the outer slope.
- For piping: providing a foreland.

e.
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8. APPLICATIONS IN PRACTICE

8.1 Introductíon
A classification of reliability analyses at levels I, II and II has been
given in Chapter 2. It has been explained that for the purposes of
routine design practiee the level II and level III calculations are
usually too time-consuming. rn general, the designer wirl have to
restrict hiurself to a level I calculation, Í.e., making use of charac-
teristíc values and factors (nargins) of safety. It has further been
explained in Chaptet 2 xinat the values of these safety factors can be
deduced frorn caleulations being "externally deÈerministíc", a m:mber of
advantages are nevertheless gained. More particularly, a certain ex-
plicitly defined level of safety must be adopted as the startíng point.
Thís makes it possible to differentiate between the safety levels in a
fairly ratlonal and consisterit manner, especially in relatíon to the
extent of the d¡mage or loss to be expected in the event of failure.

The thinking which has led to backing Èhe partial factors of safety with
level II calculations has hitherÈo been gÍven practical expression
chiefly through the codes and regulations for the design and consÈruc-
tion of concrete, sÈeel and tímber structures. In the Netherlands the
project "Safety of structures" t8.1] for establíshing the load factors
for the TGB-Algerneen (TGB-General Principles) code of 1985 was recently
carried out. At European level thÍs line of thought likewíse lies at the
basis of the series of Eurocodes, of which more particularly the code
"Foundatíons" is of inportance with regard to hydraulic engÍneering
practice. In the Netherlands, some standards relating to civil engineer-
ing hydraulics ín which this approach has Ëo be a greater or lesser
extenÈ been adopted have also appeared in recent years. Some of these
will be reviewed here.

Via the codes and regulations and through the linkage between the levels
I and II, probabilistic considerations have therefore gained an impor-
tant entrance into engíneering design practice. In many cases, however,
more dírect use is moreover made of probabilistic calculations and
arguments. Mostly these are special cases: imporÈant structures such as,
for example, the Eastern scherdt storm Surge Barrier or special
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Projects not covered by existing codes or regulations. Sometirnes the
probabilistic approach is then confined to an analysis of the loads, but
in other cases it is taken much further. A few such exalrples will also
be briefly considered here.

8,2 Eurocodes

In a European international context, acÈivities directed at establishing
a series of codes of practice for building and civil engineering struc-
Èures are currently in progress. The aim is that every menber country of
the European Connuníty will harmonise its natÍonal codes and sËandards
as closely as possible to these Eurocodes. The latter moreover play an
important parÈ in international com¡nerce.

The following Eurocodes are to be published:

guidelines
structure

EC l-

EC2
EC3

EC4
EC5

EC6

EC7

EC8

General and uniform
Reinforced concrete
Steel structures
Couposite structures
Tinber structures
Masonry structures
Foundatíons

EarÈhquakes

In Eurocode I it is stated in general terms what requirements a struc-
ture must fulfiII and hov¡ this can be achieved by approprÍate design and

construction. In principle the level I analysis (on the basis of charac-
teristic values and parÈial factors of safety) is recommended as the
most suitable design procedure for strucÈures of the usual kind. The

level I analysis is, for this purpose, considered as a sirnplification of
Èhe level rr analysis and should ln prÍneiple be deríved frorn it.

This line of thought is continued in Eurocode 7, which is concerned
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wiÈh soil mechanics. The code bases itserf on the concept of "limit
state design" and works this out Ín the direction of a level I design
procedure. Other possibiliËÍes are explicitely aIlowed, however. More
particularly the code leaves room for the more conventional methods,
permitting conventional estimates of strength and load as "design
valuestt,
Because of this, in many cases the degree of safety in soíl rnechanics
is, in the near future, bound to remain less crear-cut than in the
sphere of steel or concrete construction. This lack of clarity must in
part be attribuÈed to the rather compllcated series and parallel effects
which are more prominently eneounÈered in soil mechanics than in other
spheres of civÍl engíneering. Fron this point of view, too, there is
therefore every reason to contínue Èhe research into the effect of local
variations in strength. only then w111 safeËy considerations in connec-
Èion with soil mechanícs be rikely to atÈain a degree of clarity
comparable to those relating to steel or concrete.

These recommendations t8.2] start from a pernissible probabírity of
inundation of. L/r250 - 8 x 10-4 per year. ïhe conmission on River Dykes
has stated that this criterion means that the dykes in question must
exactlY"be able to retain a water level associated with a discharge of
16500 m'/s of the Rhine at Lobith (this being a leve1 wirh a probability
of being exceeded once Per 1250 years). In the code this has been trans-
lated into the following fund¡nenÈal requirements:

1. The height of the dyke (cresr rever) shourd be ar reasr equal Èo a
water level associated with a discharge of 16500 ,37" lcuw - govern-
ing high water level) plus the extra height to be provided as a
margin of safecy.

2. The probability of the dyke being breached by wave action at a waÈer
level lower than GHI.I should be ress than g x lo-t n"t year.

3. The probabiliry of breaching due

sliding) should be less than 8 x
to other mechanisms (piping,
10-6 per year.
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The calculations for the "other mechanisms" are performed in principle
with the aid of a level I analysis. The values of the partial factors of
safety are not backed up by level II calculations. In determining the
factors the consequences of failure are taken into account, however. For

example, the factor associated with the assessmenË of the stability of
the outer slope for falling v/ater level is assigned a lower value than
the factor associated with the stability of the inner slope at high
water level.

TAI,J Recomendations for Dunes

The Recomendations for Dunes t8.3] of the TechnÍcal Advisory CommÍ-ttee

for Dykes and Flood Defences (TA\{) bases itself on a failure probability
_qof 10 ' P"r year. It is clearly indicated ÈhaË this choice applies to a

reference líne perpendÍcu1ar to the coastline. The faílure probabilicy
of a long stretch or of seweral stretches of dunes is therefore higher
(because of the length effect), though it is not known how much higher.

Dune erosion is calculated on the basÍs of seven stochastic basic vari-
ables. A practical procedure for the purpose has been devised with the
aid of level rr calculations. rn this approach the general theory out-
lined in chapter 2 has, iÈ is true, not been preeisely ad,hered Ëo, but
the differences are not important. In any case it has been endeavoured
to formulate a procedure in such a manner that the deviations from the
stated target val-ue for the failure probabiliÈy will remain acceptably
srnall, even for widely differing cases. Briefly summarized, this proce-
dure is as follows:

1. The water level is fixed at the lever with a 5 x lo-t n.r year prob-
ability of being exceeded (or, as defined in the code: the water
level with a 10-4 frequency of being exceeded plus two-thirds of the
decimation interval).

2. The wave height is taken as equal to the wave height with the maximurn

probability density at Èhe qrater level defined above.
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3. For the median sand grain diameter D50 a mean value and a standard
deviaÈion are determined at each location. The value to be adopted
as Èhe grain dinrneter ín the calculation is then:

D5o.c"tc : ¡r(Dso) {1 - 5 v2{oro)) (8.4.1)

8.5

V(D50) : coefficient of variation of DrO

4. The initial (eross-sectional) profile is determined in a number of
locations by measurement in accordance with a standardLzed, procedure.
Next, a reduction is applied to Èhe average profile in such a vlay
that ther" ít o2(vol)/co less sand present, where ø(vol) is the
standard.deviation of the vorume of sand i., r37, and co has the value
of 275 m" /m.

5. Then Èhe dune erosion is calculated with the DIIROS computer program.
To this erosion nust thereupon be added the effect of the sÈorm tide
duration, the surges and the model uncertaÍnty. This effect is quan-
tified as a quantity of sand with a volune equal to 255 n3/m of the
erosion arready calculated, with the addition of zo n3¡n.

In close collaboration with llorkíng Group 10 of the TAI^I , Col,J advised Èhe
Polder Board of Delfland concerning safety of a lock in the old Harbour
of vlaardingen. This lock is a part of the water defence system. working
Group 10 considers Èhat a dyke not exposed to wave action ís allowed Èo
have a failure probabiliÈy of 1o-5 per year. (courprying with the Delta
norn: "hrater level wiËh exceedance probabilíty of 10-4 per year prus a
minimum safety margin of 0.50 m".) For this reason a failure probability
of 1o-5 fot the gates of the lock was adopted. so far as the concreÈe
and steel design aspects is concerned, it is considered that this level
of probability carr be atÈained by application of the rerevant design
codes (TGB, vB, etc.). Next, a Èarget value of 10-6 r"" estabrished for
the lock operating aspects
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Various aspects of rock or dock gate operation lrere compared with
another with the aid of a fault tree analysis (see Figure 8.5.1):

Single set
Single set
Single set
system.

Navigation

of gaËes with one operating Èeam.

of gates with two operating Ëeams.

of gaÈes with one operating team and automatí-c reserve

lock.

gates not closed

lock-keeper does
not close the gates

stand-by system
fails

lock-keeper has not
noticed the need to
close

ocK-keeper wante
to close but was
revented

lock-keeper was on
his way to the lock
but was unable

ocK-Keeper was
elsewhere but
could not come

lock-keeper met
with an accident

lock-keeper
became ill

Fig 8.5.1: Fault tree for the closure of the lock at vlaardingen.
(Single set of gates with one operating team).

Furthermore, the influence of the highest water level at which operation
of the gates is still possible rpas taken into account. On the basis of a

probability of h'man failibitiry of 10-4 co r0-3 per acrion 1to-2 ro
-110 ^ per year) it was concluded that two-team operation would in any

case be necessary. However, preference was expressed for an aut.omatic
reserve system or for the alternative of a navigation lock.
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Easter Scheldt Storm Surse Barrier
A najor civil engineering project such as the Storm Surge Barríer in the
Eastern Scheldt warrants a careful and elaborate design procedure. As
part of this procedure, probabilitistic calculations nere used for
dealing with various aspects. In thís respect the fault tree for the
barrier as a whole has become most widely known. The main tree of this
fault tree is rePresented in Fígure 8.6.1. The imporÈance of this tree
was that the designers thoroughly examined the question as to where the
weakest links in the barrier, as regards reliability and as regards
conseguence could be expected. CÍvil engineering, mechanical engineering
and managemen! engineering aspects were integrally assessed. The ul-
timate aim of the tree was to nake possible the construction of a storm
tide barrier with a failure probability of 10-7 per year. To achieve
this, some radical changes were made in the original design, par-
ticularly with regard Èo operation and nanagement.
Calculations of a more detailed nature were carried out for various
Parts of the design process. More particularly, the analysis of the
foundation and the analysis of Èhe hydraulic boundary conditions should
be mentioned in this context. The design of the sil1 and rubble mound
dam r,ras strongly infruenced by the probabilistic method.

8,7 Dykes around the Easter Scheldt (Barconl
In determining the desired degree of safety, the management of the SÈorm
Surge Barrier and that of the dykes around the Easter Scheldt, ,,The

Barcon I'Iorking Group" took lts cue from the developments within the TAI.I
Ilorking Group 10 and the code of practíce for Dunes ts.4]. The approach
adopted Ís therefore based on a permissible failure probability equal to
about 10t of the desígn frequency aecording to Èhe De1ta Standard, i.e.,
2.5 x 1-O-5 per year. This probability applies explicirly Èo an island or
a ring of dykes.

However, Barcon also investigated what result
the formulae of Chapter 6. SÈarÈing from p:y --tt.lr - 10 -, the fol1owíng is found:

would emerge from applying
0.1, k : 3, Nd - 1000 and
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Personally acceptable risk: 1.0
Socially acceptable risk : 1.0

x

x

1-O-3 per year
1o-5 per year

rt appears that the socially accepÈable risk is crose to the value
recornmended by l.Iorking Group 10 and Barcon. There is, however, a con-
siderable difference with respect to the target value for Èhe Eastern
Scheld Storm Surge Barrier: 10-' nut year.

Since the main purpose of the infrastructure around Ëhe Oosterschelde
basin and the manâgement of the barrier and dykes is to reduce the
probability of inundation to "Delta level,', a varue of 2.5 x lo-t n.,
year has been adopted. On the basis of this requirement various manage-
ment strategies were investigated, and it was considered what additional
measures (dyke strengthening operations) would have to be taken. For
this purpose, fault trees and level II caleulations were extensively
used [8.5].An economic analysis was carried out for damage to slopes.

8.8 elmeer
The preliminary design of a pumped energy storage in the lJsselmeer is
of considerable interest from the viewpoint of risk analysis tg.6l. ïhis
is, primarily because of the specíal problems associated nrith estimating
the conseguences of a possible breaching of the water-retaining
enclosure: how large will the breach be, how high a tidal wave wirl
occur on the lJsse1meer, in what locations around the lake will the
dykes be overtopped, and wÍll those dykes collapse?
But of greaÈer interest is the question of the acceptability of the
risk. If the scheme is judged as a high dam strucÈure, a failure prob-
ability of 1O-5 - 1-0-6 per year would have to be considered (code for
LPG) or índeed, in view of the probable number of victims, the scheme
would have to be rated as "unacceptabre" by the criËeria of the
Environmental Note of the Province of Groningen [6.3].The scheme (even
if never carried into effect) thus provides a useful test for bringing
the different rating scares of risk analysis closer Èogether.
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CONCLUSIONS AND RECOMMENDATIONS

Conclusions

l-. Probabilistic considerations are increasingly being applied in actual
practice. For civil engineering sÈructures, for example, Èhís is
apparent from the use of level II calculations for backing up the
partial facÈors of safety applied in standards and codes for the
design of structures (TGB 1985, Eurocodes). DirecÈ probabilistic
approaches have increasingly becone the rule in connectíon with the
assessment of special structures (nuclear po!¡er stations, storage
tanks fot hazardous substances).

2. In the sphere of flood defences, more parÈicularly in the case of
dykes, dunes, dams, etc. probabilistic approaches more and more often
provide the basis for design and Eanagement standards. Examples are:
- TAI.I DirecÈive for dune erosion;
- TAW Directive for river dykes.

In Èhe case of some specíal hydraulic engineering structures such
tools as risk analysis and relÍability analysis have been extensily
employed. The following examples nay be mentioned:
- The design and construction of the Eastern Scheldt Storm Surge

Barríer.
- The closure strategy of the Eastern Scheldt Storm Surge Barrier.
- A study relaÈing to purnped sÈorage hydroelectric power generation.

3. I^Iith regard to the seÈting of standards for the requisite level of
safety of flood defences, TAI,I's i.Iorking Group 10 has developed a

philosophy whÍ.ch is ernbodied in the report entitled "Some considera-
tions on an acceptable level of risk in the Netherlands" and in
Chapter 6 of the present report. Although there are still many open

questions, the results have already been used in the operational
management of the storm surge. barrier, the safety system around the
Eastern Scheldu and the study relating to purnped sÈorage
hydroelectric power generation.

9.1
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4. The worked example presented in the contexÈ of the investigaÈion
reported here shows that in considering the safety and in optirnízing
a flood defence strucÈure it is indeed possible to bring more
stochastic parameters than just the water level into the risk
analysis.
Ilith regard to this conclusion it must be noted that the system which
has been optimized compríses only one water-retaining element,
nanely, a river dyke. The number of failure mechanisms is confined to
four and only one forur of dyke is considered. the length effect has
been left out of account.

5. on the basis of experience gained it can be expected that the assess-
menÈ of a complex flood defence system (comprising dyke segmenËs,
dunes, sheet pile wal1s, locks, etc. ) with the aid of a probabílisÈic
analysis is no sirnple matter. Both from the point of view of theory
and the point of view of actual applícation on approach of this kind
will stÍll demand much effort. All the same, parts of the study that
has been performed are already being given pracÈical effect. The
study can be expeeted gradually to yield more and more results ap-
plicable to design and management.

9.2 Recommendations

It is aPParent from the foregoing thaÈ the results of this research are
increasingly being applíed in practice. It has also been noted thaÈ
probabilistic approaches cannot as yet be ranked âmong the routine tools
of assessment of comprex flood defence systeus, though Èhe need for
these in actual practice is increasing. The l{orking Group is accordingly
of the opinion that the study should be continued and makes Èhe follow-
ing reconmendations:

1. (Further) developnent of nodels for known failure mechanisms and
searching for possible rnechanisms still unknown.

2' Analysis of various Èypes of flood defence structures, taking account
of the models envisaged in point 1, and carrying out calculations
relating to leitgth effect and correlations.
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3. Development of nethods (approaches) for determining the probability
of inundation of a region protecEed by a system of flood defences and

of methods for determining the optirnal design for a water-retaining
element or a flood defence system.

Carrying out a sensitivity analysís, per type of flood defence struc-
Lure, of all the relevant factors, with a view to cost optimization
of the desÍgn and, on the basis thereof, establishing priorities for
further research into línit states and parameters.

Further investigation is moreover especially desirable with regard
fo:
- The relationship between the inundatíon parrmeters and the damage

or loss due to inundation.
- The development behaviour of breaches and the flow of vrater through

them.

- Verification in practice of rnodels that have been established, more

particularly by monitoring of the dyke sectíons for:
- quality of the exÈernal covering;
- phreatic surface withín the dyke;
- sandbearing springs (piping).

- rnteractions between failure mechanisms (trigger mechanisrns).
- Statistical properties of parameters.

6. Dissemination of
'rtranslation" of
tions into codes

defences.

the informaÈion and knowledge gained, as also the
the results and insights yielded by the investiga-
of practice for the design and management of flood

The activiÈies envisaged in points 1 and 5 should be carried ouÈ in
close collaboration wíth other !{orking Groups of the TAI^L In Èhis con-
text, Ilorking Grol¡p 10 will play a co-ordinating role and will itself
deal with the specifically probabilisric aspects.
These poínts should moreover be conceived as constituting a cycle which
will have to be passed through several times. After point 4, activities
should revert to point 1, afcer which they should proceed furÈher on the
basis of the priorities that have been established. Therefore it is
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imporÈant not to spend too much time and effort on poínts 1 to 3 if
particular models or methods turn out not to be available. It is better
first to determine, via point 4, whether or not sueh matters are impor-
tant.
The aspects call1ng for further invesÈigation, indicated in point 5,
have emerged fron the present study reported here.
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