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SUMMARY

The Ministry of Transport, Public Works and Water Management is considering
to enhance its flood proisction policy. In the future a flooding risk concept is
foreseen, i which both flooding probabilities and the consequences are taken
into account. To calibrate the new safety concept 8 case studies for differsnt
polders in the Netherlands will be made. A clear reference point must be set. In
the case studies traditional and current design rules are compared with a
provisional definition of the reference point. Besides a modal to calculats the
flooding probability of 2 polder was developed to investigate the conssquences of
the reference point in terms of flooding probabilities. The tentative results of 4
case studies lead to the conclusions that the provisional definition of the reference
pomt gives results that do not deviate much from former methods and that a level
IT sysiem approach to calculate flooding probabilities is possible.

1. INTRODUCTION

The present safety standards of the Dutch dikes and other flood defences ars expressad zs
frequencies of waterlevels and associated wave impact that every dike section must be
able to resist. These safety standards were set by the Delta Committez after the flood of
1933 in the South-west of the Netherlands. The Netherlands were divided in more than 30
smaller areas, called polders or dike ring areas. Four classes of dike ring areas can be
distingwished in terms of water level frequencies: 1/1250, 172000, 1/4000 and 1/10000
per vear, depending on the conszquences of flooding.

¢ Ministry of Transport, Public Works and Water Management is considering to
enhance its flood protzction policy. In future a flooding risk concept is foreseen, in which
both flooding probabilities and the consequences of flooding are taken into account.
In the present Dutch flood proteciion law an evolution from waterlevel criteria towards
probability of flooding has alrzady bezn included. The question is when and how the
transition to flooding probabiliti=s can be made.
The transition from waterlevel criteria towards flooding probabilities is not meant to
change the current safety level. On the contrary: the current safety level seems to be
generally accepted and should b maintained. The mentioned transition is firstly meant to
get a clear unit to compare flooding risks with other social risks.
To start the transition to flooding probabilities 2 so-called "reference point” has to be
defined to give clear insight in the current safety standards. Then the new safztv
philosophy can be related to this reference point. '
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The reference point can not easily be deduced from history, because safety philosophy
and design rules were often changed and vary for different areas, constructions or failure
mechanisms. The Deita Commuttes developed a clear safety philosophy, but probabilistic
techniques and knowledge of failure mechanisms were not sufficient to work out design
rules strictly to this philosophy. So the current Dutch gwdelines for design of dikes and
other flood defences are not completely consistent and explicit in safety philosophy.
Therefore, in defining the reference point, a choice had to be made to set the state of the
art of flood protection. In 1993 a concept for the reference point was made. The main
constraints were that

- every single dike section should satisfy the safety standards according to the

philosophy of the Delta Commuttes;

- the latest, accepted knowiedge should be applied;

- no major changes in required dike geometry compared to present insight will be

accepted.
However, the consequences and the practical value of these rules were not vet clear. This
led to the idza to carry out 8 case studies for 8 different poiders in the Netherlands. In
addition the casz studies are usad to set up a first concept for the calculation of flooding
probabilities.

In this paper the goals, the tentative defimtion of the reference point, the methodology
and the first results of these case studies will be treated.

2. GOALS

The first goal of the case studies is to compare "traditional” dike design, dssign according

to the latest guidelines and des: gn ccording to the reference point, in ordsr to gataclear

picture of the consequencss of the reference point related to historical development in
esign rules.

The szcond goal 1s o esumate the flooding probabihitizs for the entirs polder. Because the
fururs safetv standards will be basad on flooding probabilities, the consequences of ths
refzrance point in terms of flooding probabthitizs must be paid attzniion to. With this
aspect the case studies are not or*l "a stock-taliino of the state of the art, but also
important new tools for the futurs safety phulosophy are developed.

Both goals support the final goal o get a clear reference point to calibrate the futurs

3. REFERENCE POINT

The reference point 1s a number of design rules with a safety philosophy according to
Delta Commuttze. The safery piulosophy of the Delta Committes is that ev arv c11"=
section should be able to withstand the design waterlevel safely. Because absolute safety
can never oe guaranieed thus 1s transiated as the fzilure prodabiliny at design
circumstances should be "small”, which 1s between 0.1 and 0.01.

The first requirement to resist ths dssign waterlevel 1s that the diks should be high
enough. Because in gsneral extzme waterlevels are accompaniad by wind waves, wave
ovartopping 15 the prmary failure mechanism.

The d2sign rules of the reference point consist of two parts: a modzl to describe a failure
mecharusm and a saferv criterium. Model deseniptions for the main failure mechanisms
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are available, but safety criteria are inconsistent or not explicitly explained. So for the
reference point a decision must be made about these criteria. The safety criteria should
meet the following conditions:

1. the probability that the acceptable overtopping is exceeded should be smaller
than the waterlevel frequency from the flood protection law;

the probability of flooding if the acceptable overtopping is exceeded should be
small;

the probability of flooding by other failure mechanisms should be small with
respect to the probability mentioned above.

o

LI

In formulas

P(§>G,.cepusi) < legal standard (N

Pf’/’bi‘,“’EEG')qa.—:g;mle < 14 (2)
P(failure by otner mechanisms) < §-N-legal standard (3)

in which § and p are small (0.01-0.1) and N depends on the failure mechanism. If the
probability of a failure mechanism is independent every year N=1, if the probability
betwesn different vears are correlated N>|.

p and 3 must be chosen in such a way that

- the probability of flooding by exceeding of the design watzrlevel for all failure
mechanisms together should be small;

- changes in dike gsometry in relation to the currently used design rules are as little
as possible.

4. METHODOLOGY OF THE CASE STUDIES

The case studies are carried out for simplified situations in the Nethzrlands.
Geographically they arz chosen in such a way that all different physical systems are
involved. The real polder is schematised to a limited number of sections, so that all
essentially different types and differsnt orientations of the flood defences are represented.

The most important failure mechanisms are taken into account:

- overiopping (waier is running over the dikecrest)

- piping (seepage water erodes the dike internally)

- shiding (instabulity of ths inner- or outerslope)

- erosion of revemments followed by erosion of the core material
- dune failure

- failure of sluices or othar constuctions”

According to the reference point the newest formulas for the description of the failurs
mechanisms should be used. The chosen mods! descriptions and the current safetv criteria
arz given 1n table 1.
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Table | Design rules for failure mechanisms

Failure mechanism Model for reference point Current safety
cntenum

Overtopping Van der Meer (1993) P(3>Gpecepunie) < legal
safetv level

Piping Sellmeijer (1994) safetv factor

Sliding Bishop, Guideline safety factor

Riverdikes (1985)

Erosion of revetments Guideline for Safety P(H>H,.,) <legal

and core material Assessment (1997) safety level

Dune erosion Guidztine Dunes (1984) P(dune < cniucal

geomeny) <
l=gal safetv level/10

Failure of sluices or other | Guideline Constructions - P(4>q, i) < legal
constructions (1993) safety level
- P(failure at closure) <
legal safety level/10
- P(instability) <
legal safztv level/100

In the first part of the case studies three design methods are compared:
- “rraditional” design

- design according to the latest guidelinzs

-designa coramo to the reference point

""»'aditio*x esign s the m°r.hcdo ogv as practiszd before the releass of the latest
guidzlines. A pragmatic 2pproach 1s necessary bacause d-:vslonmeﬁ: orf tzchniquss and
thz practic ‘.l apphcauon 1S 2 cont nUOUS Process. The reasen for th2 intersst in waditional

L [

2sion methods is to get more insight in the accepted changes in the past.

The second aspect of the case siudizs is the calculation of flooding probabilitizs. With 2
lev II svstem approach a rough estimation of the flooding probability for the enuire

pol 2r is madz. In the svstem analvsis ail above mentioned failure mechanisms are taken
into account. In the following paragrach the svstem approach will be treated thoroughly.

3.SYSTEM APPROACH TO THE SAFETY OF A POLDER

Introduction

[n ths present safery standards tha design cniteria are defined per individual dike section.
A dike section is definad as a stratch of diks with more or lzss constant values for
charactenstic load trangth vanablss. One dikz sectionisin g I a few hundrad

d
meer 1Or10 d\.D»'ldl ngc insiance 2 onentation of the sbcuo he g otzchnical ar
of u‘xe dike cross szctions. This means that the 3‘.:”:*\ ofa 'mmber of
r than the safervleva! of an individual ssction. A ..'mm with manyv
1 Wi a few of the same hinges. Moreover a diks
vels from the s2a on ore side and nigh water

rmv arsa which 1S 2xXpos
on the other side has at least a probability of failure which s twice

lavels from the nver

w ’C]
o
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as high as the probability of failure of one side, because of the fact that storm surges and
high river discharges are independent events. So the dike ring area should be considered
as a svstem of individual components, and thus be analyzed as a system [1].

Reliability functions

Often as a result of extensive rasearch a reliability function can be defined for each failure
mechanism. In general such a reliability function Z is a function of the load or stress
variables and variables representing the strength or resistance. In general format

Z=2(X,X.X) ©)
with Z(..) the reliability function and X; a stochastic vaniable.

Z is defined in such a way that Z < 0 corresponds to failure of the dike section. If Ris a
function of the resistance variables and S a function of the stress vanables then Z can be
put in the format:

Z=R-S ©)

IfR and S are described statistically in terms of a probability density function, then the
area in which Z <0, corresponds to the failure probability of the mechanism considered.
For the assessment of this probability of failure several techniquss are available such as
First Order Reliability Methods (FORM), Montz Carlo simulation tschniques and
Numerical Integration.

Bv applving FORM the failure probability is given by
P.=P(Z<0) = &-f) (6)

in which 8 = u,/0, = relizbility index and @ is the normal distribution functior.
®(-B) can be approximated bv ®(-8) = 10 ® for 1<f<.
Another important result of FORM is the influsnce coefficient e, (0<c <1}, which shows

the relative conmbution of the varizble x, to the failure probadiliny.

From cross section to dike section

For each cross saction of the diks and each failure mechanism a rehability function is
available with stochastic variables representing the strength and loads on the flood
defznce. In general such a reliabiliny function is valid for a certain length of the dike. This
length is limited due to the effect that variables looss their correlation further away from
its original cross section. For instance the height of a diks in one cross section is
correlated to the height 20 meters next to it, but is hardly correlated to the height of the
dikz 10 kilometres further. In contrast to for instance the waterlevel in front of the diks
which probably has a strong correlation over kilometres of length. This effzct of
correlation is called the length-2{fzct. The sam&principle is not only valid in space but in
time as well.

So for zach variable the following statistical fzanures have to be defined, per mechanism
and cross section:

- tvpe of the probability density function

- a mean value ..

- a standard deviation

- a correlation function 1n the space domain X

- a correlation function in the time domain t
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All features should be based on a combination of field measurements, laboratory expen-
ments and model results. The correlation function is in general composed of a constant
correlation p, or p, and a term which is a function of x or t and decreases to zero In space
or time. So for the spatial corrzlation:

o(r) = p, * (1-p)exp[~(~/d}] (7
in which Py = constant correlation
d = corrzlation distance
r = distance betwesn two cross sections

For operational reasons this function is represented as a Ferry Borges Castanheta model
with intervals A=(d v=)/B (approximation for 8>2), in which B is the reliability index of
the individual cross section. Within the intervals the correlation is full and between the
intervals the correlation is constant.

In case of a number of stochastic variables with different correlation distance then a
representative correlation and correlation distancs must be calculated

_— 2 1 b (I—P,) c'i -
P, = kzck 8: (;)— ZJ\ = (d—') (8)

with & the index for the stochastic vanable.

The reliability of the cross secuen, B has to be calculated before the length-effzct can be
counted for. Then, the reliability index for a dikessction can be calculated with

— B - l . LB crussiection ’[—;—‘ 9
ez cection T Prrcrreston 03 ( — )‘/ o r ( )
dy=

with L the length of the dikeszcuon.
For ths time domain correlation simular procedures are applied.

From dike sections to a system of dike sections

After the analvsis for every single dikessction or element, the relizbility of the system
must be calculated.

Consider 2 series svsizm of n elzments. Tnz probability of failure is

z,<0V 2,<C V ..Z,<Q) (10)

First the Cornell-bounds arz investigazed showing that the failure probability of the
svstem s per definition larger than the weakest element, but smaller than the sum of the
failurs probabilities of the elemants. [ one of the elements has a failure probability which
is an order of magnitude larger than the other elements, then the bounds are more or less
the same. [f this is not the case then 2 procecdurahas to be followed in which the failurz

probabilizies of the elements ars combrnad:

Considar two elements Z, and Z.. Knowing the 1ndividual rzliability indices and the
correlation between Z, and Z.. the probability P{Z,<0 Z,<0) can be calculated (method
Hohenbichler). P Z,<0/ Z<0) can be replaced by an equivaient reliability function Z,
such that P(Z_<0) = P( Z,<0 ** Z<0) , with rzlated relizbility indzx B, and approximatzd
influsnce coefficients «,, (figurs 1)




MP.WAT/SEM.2/1999/15
page 8

X2

X1
Figure | The combinarion of rwo Z-functions to an equivalent Z-function
The onginal set of n Z-functions is reducad to 2 new sat of (n-1) Z-functions. Repeating
this precedure eventually leads to the overall probability of the system. Best results are

obtainzd by combining in every step the two best corrzlated reliability functions. An
examplz for 4 elements is shown in figure 2.

Z__
! L____zg z

Zy
H
Z, Z,
Z5
Z Zs

Figure 2 Scheme for tnz caleulation of the systems reliadilicy 0y equivalent Z-junctions.

6. RESULTS AND INTERPRETATION

Here some of the tentative results of 4 case studies, Waarderlanden (2], Lingerwaard 3],
Grofnland (4] and Kabeljauwsche Waard [3] arz presented (figure 3). The names are
fictive, because of the simplified schematisation.
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In the case studies the system approach of section 5 has besn applied, leading to the
reliability per mechanism, the reliability per section and the overall reliability. A
reliability function was available for all mechanisms. However the estimation of the
statistical values of each variable was not aimed by this study, so best guess approaches
were used in case no information was available.

In table 2 the reliability indices for the case study Waarderlanden are given for some of
the analyzed dikesections.

" Table 2 Reliability indices for the case study Waarderlanden

dikesection L [km] | overtopping | piping | sliding | failure of total
revetments
Hardinxvgo | 2.0 4.0 5.6 5.5 5.1 4.0
Nicuwlek w 1.0 4.9 9.8 5.8 6.9 4.9
Langerak 258 | 1.0 5.3 4.6 >6 5.6 3.
| Langerak 226 | 2.0 5.1 47 >6 53 47
nng 3.8 45 4.3 3.6 3.4

In table 3 the preliminary overall reliabilities for 3 case studies are givea.

Table 3 Overall reliabiliries

B Most contributing failure
mechanism
Waarderlandar 3.4 erosion revetments and

closure of barmiers (poth B=3.6)

zrosion raverments (8=2.8)

[04Y

Lingzrwaard 2.

g

Grofnland 2.

overtopping (6=2.3)

For two of the case studies the calculatzd flooding probabilities are large and probably
not rzalistic. This can be explained by the fact that it is not yet possible to give good
criteria for failure. For most failure mechanisms the models describe the beginning of
failurs, which does not necassarily mean that a breach is formed and the polder is getting
inundated. Only if the extreme loads continuz long enough, beginning of failure will
eventually lead to flooding.

[n figure 4 the fresboard averaged for the entirs dike ring is given for the traditional
design mathod, current design method and the method according to the reference point
with p=0.1 and p=0.01. Figure 4 shows that if p is choszn somewhere between 0.1 and
0.01 the reference point does not give major changes compared with former design rules.
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freeboard (m)

i ] traditicnal

A . .
274 reference point p=0.1

= cument guidetines
#Z] reference point p=0.01

~

Figure 4 Mean freeboard for 4 different methods

For Kabeljauwsche Waard the reliability indices of sliding for 5 dike szctions are given
figure 3. The reliability index for the reference point is calculated with Z =5/4=0.01/
(division by 4 because there are 4 relevant failure mechanisms besides overtopping), N=1
and the legal standard 1/2000 (sez formula 3).

2n i
1
Bi

reliability index b

{7 itraditional

-

Figure 5 Reliability index for sliding for 3 dijjerent metnods
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7. CONCLUSIONS

A first comparison of design methods was made to mvestigate the possibilities to set a
clear reference point to calibrate a new safety philosophy. For overtopping the befors
hand indicated value for the degree of freedom of the reference poiwnt (p=0.01-0.1) give
results which do not deviate much from former design methods. For shiding the
provisional reference point is less demanding then the current method. A more thorough

analysis must be made before the reference point can be set.

A level II system analysis to calculate the flooding probability of a polder is possible, but
the improvement of the models to describe failure mecharusms is necessary.
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