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1 Introduction
1.1 Context of theresearch

Detailed assessment of flood risk, both on regi@salvell as on national scale, has been a topic
of extensive research in the Netherlands sincesdlily nineties of the past century. Effects of
river system behaviour on flood risk (see defimtio section 1.2) were usually neglected. For
Dutch conditions, however, these effects of sydtehmaviour are of importance (see section 1.3).

Nowadays, in the Netherlands it is commonly ackmaolged that a flood risk-based safety
approach is indispensable to support decision-ngalon flood protection strategies and
measures. In this report a computational framewsdescribed, that allows for assessing flood
risk, while accounting for effects of river systdmhaviour. The computational frame work
comprises of state-of-the-art modelling techniqoéshydrodynamic loads and geotechnical
resistance, a module for estimating flood consegegnand a module for estimating the
occurrence probability of flooding and its assamiatannual flood risk. The computational
framework was successfully applied on a case stwely in the Netherlands (see section 1.4).

1.2 Definition of river system behaviour

River system behaviour refers to the fact thafflinad risk (or safety) of a particular area may
depend on the safety of other adjoining areas.pbssible that a measure to improve safety from
flooding of a particular area might increase orrdase the safety of other areas, located within
the same hydrological system. Effects of riveraysbehaviour can deeneficial(increase of
safety levels) oadversgdecease of safety levels):

» For instance, the failure of a local embankmera gingle river system might result in the
attenuation of the flood hydrograph and hence dluced hydraulic loads along
downstream located embankments. Reduced hydraalitsImeans ancreaseof the
safety (i.ebeneficialeffect) along downstream located embankments.

» For more complex river networks, a local dike feslalong a river carrying a high
discharge, may result in the fact that its rivetewdlows over flood prone areas into
another river, that might have a small dischargeseging capacity only. Such situation
may result in increased hydraulic loads and hemealecreasef the safety (i.eadverse
effect) of areas located along the receiving river.

It might be clear from the examples above, thatdifdng mechanism in river system behaviour
is the mutual interaction between the failure afofl protection works as result of exerted
hydraulic loads and the hydrodynamic response ¢hanges in river levels) of the river system
to such failure.

It can be stated that neglecting effects of rivgstam behaviour means that possibly a less
accurate safety level for a particular area mightetermined. Further more in case of prevailing
effects of river system behaviour, the safety Ideelsafety norm) of all effected areas are to be
considered jointly.

1.3 Importance of river system behaviour in the Netherlands

Van Mierlo (2005) and Van Mierlo&Van Buren (200&4806b) made an inventory of hydraulic
effects of system behaviour, resulting from thealdailure under design conditions of primary
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flood protection works (i.e. primary protection ey category a en b) in the Netherlands. It was
assumed that flood protection works, being overopplue to the local failure of a flood
protection work elsewhere in the system, did ndiapse. This is a conservative assumption. The
hydraulic effects are defined as differences inimaxn river levels under design conditions (i.e.
design sea-levels and design upstream flood wéetg)een the situation without any failure and
the situation with one local dike failure.

Figure 1-1 and Figure 1-2 show the findings for tiker dominated parof the river Rhine and
Meuse basin, located in the Eastern part of thénédketinds. The geographical area covered by
these two figures is the same as the area, cou®rdte present case study (see Figure 1-6).
Figure 1-1 depicts the type of system behaviowaf tesults from a local failure in a primary
dike, category agfeen only reduced maximum river levels at other lomas;red: increased and
reduced maximum river levelbjack: no significant changesgjrey: not a primary dike, category
a). Figure 1-2 depicts the spatial distributiorhgéiraulic effects of system behaviour, induced by
the failure of the left river Waal dike near Wel(green and redrespectively decrease and
increase in maximum river levelblack: no significant changedlue: water depths in flooded
areas). The local dike failure at Weurt results;egt for the flooding of dike ring 41 also in the
overtopping of Meuse dikes (i.e. water of river \WB@aws into river Meuse). This overtopping
results in a rise in maximum water levels on rivMeuse, which finally results in the flooding of
the downstream located dike ring 36 and 38 (seer€id-2). Weurt coincides with potential
breach location Dr41L1, considered in the presasestudy (see Figure 1-6). In both Figure 1-1
and Figure 1-2, darker colours green, red and ibldieate larger values.
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Figure 1-1: Type of system behaviour due to a local dike failure
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Figure 1-2: Hydraulic effects of system behaviour induced by a breach in the left river Waal dike near Weurt (i.e.
location Dr41L1 depicted in Fig 1.6)

As an example hydraulic effects of river systemawbur at Hurwenen (Waal) and Hoenzadriel
(Meuse) due to a local dike failure at Weurt undiesign conditions are shown in Figure 1-3 and
Figure 1-4. The depicted river levels were deteediin hydrodynamic computations, having
design flood waves with frequency of occurrenceonte in 1250 year at Lobith (Rhine) and
Vierlingsbeek (Meuse). Figure 1-3 and Figure 1-dvshhat a local dike failure at Weurt results
in a decrease of 0.05 m in the maximum river letdiurwenen and an increase of 0.96 m in the
maximum river level at Hoenzadriel. The decredsenéficial effect) of 0.05 m at Hurwenen
means that a river level with a return period of@m 1019 years occurs, instead of river level
with a design return period of once in 1250 yedise increaseadverseeffect) of 0.96 m at
Hoenzadriel means that a river level with a reoenod of once in 19608 years occurs, instead
of a river level with a design return period of erin 1250 years. From a statistical point of view
design flood waves at Lobith and Vierlingsbeek mftmincide (Diermanse and Van Vuren,
2002). Hence, the occurrence of the adverse effe@96 m rise in maximum river level at
Hoenzadriel is not that unlikely, given that a llodi&e failure at Weurt occurs.

Conclusions from the inventory were that effectsieér system behaviour cannot be neglected
in determining flood risk in the Netherlands. Becdel effects are negligible compared to
adverse effects, and emphasis should, therefonggidan avoiding adverse effects.
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design conditions.

1.4 Scope of present study

The present study is a follow up of an earlier gtadrried out in theDelft Clusterresearch
project in the Netherlandsvén Mierlo et al 2003 and 20Q7In this project a conceptual
framework for the evaluation of interaction effertdhe case of inundations caused by rivers. A

numerical demonstration was presented for a venplsi geometrical configuration (Figure 1-5).
Northern polder (16.992 hectares)

il Z —

L3

8
® =

M030512a Q

River

= &

Southern polder (2.880 hectares)

(® Breach
L3 Breach location number

Figure 1-5: Example case in DC-1 study.

In the current study the same basic concept, withraber of technical extensions, is applied to a
real flood protected area in the Netherlands stlidtetween the rivers Rhine and Meuse (see
Figure 2). The aim is to test, extend and imprdvesé concepts as well as considering the
possible implications for our safety policy. Intexadtems for improvements are:

1. Hydraulic models (efficiency, accuracy, parafiebcessing)
2. Geotechnical and structural aspects (mechansgoend line structures)
3. Probabilistic calculation aspects
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Figure 1-6: Present case study area

This report gives an outline on the various ideasan efficient approach. It is based on ideas
developed (but not tested) during the first stageDelft Cluster. The basic issue is that a
probabilistic analysis usually requires a large hanof deterministic computer runs. As long as
relatively simple models are used, this is no poblHowever, the behaviour of a set of dike
rings under flood conditions is so complex thatirggle run for a deterministic scenario may
already cost quite some calculation time. So effitiprogramming is a key issue. However, in
this project main attention has been given to tif@teto perform such an analysis anyhow. In
order to keep computation time within acceptaliats some simplifications have been made,
rather then making highly sophisticated shortclsssible extensions of the computational
framework in combination with possible refinemerms the calculation procedure will be
discussed in chapter 7.
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1.5 Publications

Next to a number of presentations, the follwinglmations are realized:

Markus, A.A., Courage, W.M.G., van Mierd.C.L.M., A computational framework for
flood risk assessment in the Netherlarisisentific Programming, in Press.
Schweckendiek, T., Vrouwenvelder A.C.W.M., van NbeM.C.L.M., Calle, E.O.F.,
Courage, W.M.G.River System Behaviour Effects on Flood RES¥REL, Valencia,
Spain, 2008.Martorell et al. (eds): Safety, Religband Risk Analysis: Theory, Methods
and Applications. CRC Press, Taylor & Francis Grdigndon, ISBN 978-0-415-48513-
5.

Van Mierlo, M.C.L.M., Schweckendiek, T. and CouragéM.G., 2008 mportance of
River System Behaviour in Assessing Flood,filglod Risk Management: Research and
Practice - Samuels et al (eds.), 2009, Taylor &€iaGroup, London, pp 327-337, ISBN
978-0-415-48507-4.

Wim Courage, Ton Vrouwenvelder, Thieu van Mierla &nmo SchweckendieRiver
System Behaviour Effects in Flood Risk Calculati@f40 , in Press.

Ton Vrouwenvelder, Wim Courage, Thieu van Mierla dimo Schweckendiek,
Berekening inundatierisico voor systemen van watangen,2010 , in Press

In addition, a wokshop was organized for a broadiemce of people from the field on Juri& 3
2010 at Deltares, Delft.
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2 Hydraulic and geotechnical models
2.1 Hydraulic mode

Flood risk analysis naturally considers hydrauéispectively hydrodynamic aspects as the main
load components on the flood defences, like riveds or wave conditions. For assessing effects
of river system behaviour it is necessary, in addito predicting extreme loads throughout the
considered system, to model the effects of lodalrizs on the further development of the flood
pattern. For this is the main driving mechanisnriver system behaviour. Therefore, in each
SOBEK computational time-step (x30 s), except ftwod propagation also the failure
mechanisms (see section 2.2) assigned to eachcdedémicture (e.g. dike section) are evaluated.
Furthermore, in case of dike failure, the hydrodgyitamodel initiates dike breach. Thereafter the
hydrodynamic model computes breach growth as fanadf the actual flow through the dike-
breach (see section 2.3). Evaluation of failure lmaetsms as well as breach development is
effected through the Real-time control (RTC) modulSOBEK.

As mentioned above flood modelling is done usingBER (Dhondia, J.F. and G.S.
Stelling, 2004), being a one (1D) and two (2D) dmsienal hydrodynamic software package
developed at Deltares (until 2007 WL|Delft Hydras)i The SOBEK models (see section 5.1),
applied in the case study, comprise of a 1D an® d&yrodynamic part. The entire considered
geographical area (i.e. rivers, dikes as well &s ding areas) is modelled as 2D hydrodynamic
flow, having a grid cell size of 100m. A local dikeeach is modelled as a 1D branch, which is
connected to 2D grid cells, respectively locatedhatriver side and at the dike ring side of a
potential breach location. The 1D braradtommodates a weir, which is lowered and broadened
in accordance with the applied Verheij and Van ideaap (2002) breach growth formula (see
section 2.3). Hence, dike breaches can only odctika potential breach branches”, while “2D
river dike grid cells” cannot fail but are overt@abas soon as river levels exceed local crest
levels.

The main output of the hydrodynamic model is ttwod pattern of each scenario. For
each 2D grid cell, SOBEK provides its maximum watepth, its maximum flow velocity and
the speed at which water levels rise. This outpaiads used for determining the flood
consequence (i.e. damage and victims) of each sogBae section 2.4).

The system considered in our study of river sysbetmaviour is a geographically defined (river)
flood prone area. It includes rivers (or river lres) within this area and (natural or man made)
flood protection structures. Interactions betwerserrflow and the possible failure of flood
protection works are to be accounted for within #nea. The boundaries of the area must be
chosen such that:

1. flood risk within the area solely depends on thdrhulic properties of its river system and
the strength characteristics of its flood protetio

2. water levels and discharges at the boundarieseofatka are to be autonomous, i.e. not
influenced by potential flood events within or adésthe area.
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2.2 Geotechnical failure mechanisms
2.2.1 Introduction

The modular structure of the developed computatibaenework allows the implementation of
virtually any structural model to represent thastasce of the flood defences.

For the area treated in the presented case stugyeveealing mainly with river dikes. Previous
risk analyses have shown that the dominant (madigtle) failure mechanisms in the area are
‘heave and piping’ and ‘overflow and erosion of thaer slope’ §ee VNK 2006 For sake of
simplicity, analytical and semi-empirical expressioare used as descriptions for the failure
mechanisms. Other mechanisms are neglected fotinigebeing and their contribution to the
failure probability is speculated to be small. Mdegailed analyses in the future will also have to
consider other structures, like locks, that formt pathe flood defence system.

Each mechanism is formulated as a performanceitumzt
Z = R(X) ~ S(X) (2.1)

with:
R(x) resistance part of the mechanism
S(x) load part of the mechanism

Both R and S are functions of the considered random variaglds implies that ifZ<0, this is
considered as failure and vice versa.

The described mechanisms are initiating mechanisnassense that they initiate failure of the
dike. Once an initiating mechanism occurs, we assilvat breach development occurs (see 2.3).

2.2.2 Heave and Piping

Description

Heave and piping are consecutive mechanisms tmabceur in sand layers below dikes. Both

are caused by large pore pressure gradients. Aaiypituation is sketched in Figure 2-1, where a
permeable sand layer in contact with the riveroie the increase of water pressure directly
whereas the pore pressure in the clay top laydrarhinterland remain considerably lower. If the

pore pressure exceeds the weight of the top ldlyer layer is lifted up and as a consequence
vertical cracks occur. The groundwater flows owentical direction. This phenomenon is called

heave.

aquifer
Figure 2-1: Heave and Piping
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Heave can be followed by piping. The vertical grbwater flow can cause erosion and initiate
the transport of sand. This erosion process caratmithe formation of tubular holes (pipes)

below the dike, the development of which startthatheave crack and grows towards the river.
These pipes can endanger the dike stability asoéevdy virtually undermining the structure.

The mechanisms leading to heave and piping araicBrtime dependent. However, for sake of
simplicity, time dependence has not explicitly besodelled at this stage. It is suggested to take
up this issue in subsequent studies (see also AppAi.

Formulation

Heave and piping mechanisms have to be consideneataneously. Piping can only occur,
given that heave has occurred beforehand, anctiitiaal head is exceeded. As stated before.
time dependence is not considered in this projepti@tly. Reasonable assumptions about the
time dependence are made in the failure mechareserigtions implicitly.

For heave we can determine a critical head differeand thereby a critical river hebgli heave
for which the pore pressure in the aquifer excabdsweight of the top layer (in case of an
aquitard: an almost or completely impermeable [plggr

hcrit,heave:M d + hhinter (22)
where:
Ysat = saturated volumetric weight of the top laya¥/fik3]
Yo = volumetric weight of water [kKN/m3]
d = thickness of the top layer [m]
Phinter = hydraulic head in the hinterland [m+NAP]

(If no top layer with low permeability is presemigave occurs when the critical gradients
exceeded. This relation requires knowledge abagt#ometry of present piping screens and is
therefore neglected here in first instance.)

The limit state function for heave is formulated as

Y

The model factors gnand my, reflect the uncertainties in the determinatiorthef critical head
differenceAh [m] for heave and the amount of damping respegtivel

Z= mOAhcrit,heave_ mAh (h - hhinter) = mo( M dJ - mAh (h - hhinter) (23)

crit,heavel

The critical river head for pipinkicpiping [M+NAP]can be determined by the rule of Sellmeijer:

D\Ev* g\’ (% g "
h:rit,piping:h]inter-'_(l_j ,ﬂ7{bk|—j L(yg _1{0.68—0.1[0‘{ 7{[,“_] Htan9+03d (24)
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The limit state function for piping can be formddtas:

Z=m_Ah -(h-03d-h,,.) (2.5)

crit,piping

The model factor greflects the uncertainties in the determinatiomhef critical head difference
Ah for piping (rule of Sellmeijer).

crit,piping

The choices of the input parameters are somewhadtisin-dependent (e.g. on flooding of the
protected area). The exact implementation and ideciiteria whether a dike fails or breaches
in the calculation model depending on the circumsta are explained in Appendix B.

2.2.3 Overtopping and Subsequent Inner Slope Erosion

Description

The mechanism overtopping is contemplated as a icatitn of the river head exceeding the
dike height and the consequences of overflow ordike stability. The water level exceeding the
crest level of the dike height is considered asuffaiin the sense of overtopping. For the
hydraulic calculations in this scheme it is furtihhere important to implement a criterion for the
creation of a dike breach. This criterion will bependent on the overtopping discharge and the
quality of the inner slope protection with respecerosion. The influence of waves is neglected
at this stage. The influence in the case studyregis speculated to be negligible.

— —>

A\

Figure 2-2: Failure Mechanism Overflow

I mplementation
Overflowoccurs when the water level exceeds the dike helgig subsequent flow over the dike
slope can cause erosion and failure of the slope.limit state function is therefore:

Z=h,-h (2.6)

where:
hg = dike height [m+NAP]

The amount of overflow and the quality of the sigpetection determine the inner slope stability
with respect to erosion. For this project we wdbat a relation from a CIRIA-research which is
also used in the theoretical manual of PCRing (Mrewvelder 2003) to determine the critical
overflow dischargey.:
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5/2
B VC kl/4

= 2.7
125tana;,** @.1)

C

where:

Ve = critical flow velocity over the protection laypn/s]
of = slope angle [rad]

k = roughness coefficient according to Strickiat’s*?]

In case of lacking data, we assume a default valllke= 0.015 with a 25% variation coefficient.
The critical flow velocity v is given by:

38
v, =f
’ (1+ 08 l:[bglo te)

where:
fe=quality of the (grass) protection layer (bad: G&dlium:1.0;good: 1.4)[-]

(2.8)

6010°
duration of exceedance of the critical flow ey [h]

213
(if given in terms of ersion resitance coefficiept fg :( g J )

te

In the current study the time effects are not mledekxplicitly. Therefore we choose the
exceedance duratiog= 100 h, which is a best guess estimate for rikeydf waves. Figure 2-3
shows that in this order of duration the criticalocity is not very sensitive.

Critical velocity vs. duration

[ |
45+ |
ji |
350 |
7]
£ |
25 |
5L T e
150 |
A f =14/
,,,,,,,,, f=10
05 ’ |
,,,,,,, f=07
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Figure 2-3: Critical velocity as function of gragpsality and exceedance duration

In the hydraulic calculations the control variamdl be the local water level. In order to
transform formula 2.8 from discharge- to water-led@pendence, basic fluid mechanics relations
can be applied and the relation changes to thealrtiead difference for erosion in the following
form:
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2
Ah, = 3/02;6[@] (2.9)

The limit state function can be formulated as:

2
{ q
Z=hy;+mh,—-h=h; +m3———-h 2.10
d e' e d 036[@ ( )

The model factom, reflects the uncertainty in the erosion model.

The influence of overflow / overtopping on micralsiity is not considered.

2.2.4 Slope Instability

Description

The most typical failure mechanism in terms of slgpability in river regimes is the failure of
the inner slope of the dike. The outside water llegises and causes an increase of the pore
pressures inside the dikeThis leads to a decrease of effective stressestammeby of the shear
resistance of the soil and failure can occur agatdd in Figure 2-4.

Uncertainties of pore pressures relate to unceaiof the geohydrological characteristics and
parameters, as well as to the initial saturatiorellef the dike body, as a result of weather

conditions prior to the extreme river dischargengvBoth, uncertainties regarding pore pressures
as well as uncertainties of shear strength praggseqlay a role in the probability of inner slope

failure.

aquifer
Figure 2-4: Failure of the inner slope

At present several methods are being used for siagehe safety of river dikes:

» analytical methods like Bishop’s slip circle anady&e.g. Mstab),
» probabilistic techniques using the analytical mdt¢e.g. Mprostab),
» Finite Element Analysis (e.g. Plaxis).

! As in the previous section, the influence of infiltration of overtopping water in not considered.
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The pore pressures can be determined in differemtners. For design and safety assessment
there are technical recommendations that can besutted (e.g. ‘Technisch Rapport
Waterspanningen bij Dijken’). These recommendatmoraprise conservative approaches for the
determir?ation of phreatic lines and pore pressutésually they consider the steady-state
situatiorf.

The flood wave duration, however, may be insuffiti® develop a steady-state situation in the
dike. For a more realistic pore pressure field mering the time aspect, transient groundwater
flow calculations can be carried out. Time-dependiemv calculations are not state-of-the-art in
dike design yet, but the potential benefits of sanhapproach can be demonstrated by example
calculations as carried out by Van Esch 1994 (malereport GeoDelft: ‘Tijdsafhankelijke
stabiliteit van dijken’).

The classical methods for slope stability assessa®not consider residual strength. In practice,
it is possible that e.g. the failure of the innlepe does not necessarily mean that the dike loses
its water retaining function.

As described in section 2.2.2, the heave phenomeanrcause a situation with zero effective

stress under a top layer with low permeability. {Threans that also the shear strength in that
zone is practically zero. In this case the failpl@ne can be of a different shape with respect to
classical slip circle models, following the layaparation below the top layer (see Figure 2-5).
The consequence is that with rising outside wageels the safety factor may drop suddenly,

when reaching a critical level — the heave poténtia

<

e e y’» —— o

I e

Figure 2-5: Heave Causing Instability

I mplementation

Slope instability is not considered in the presesse study. Nevertheless, a possible way to
implement this mechanism is the following.

For this mechanism, there is no simple explicitrfolation. This problem can be circumvented
by carrying out several reliability calculationsgewith Mprostab) at different local water levels,
from which we obtain conditional reliability indisg3(h) and influence coefficients; (h . With

these we formulate an equivalent limit state fuotin the following form:

- #variables x —
Z=phyr S a ) (2.11)
i=1 i
where:
Xi = relevant variables (e.g. soil strength or peimigg)

2 Virtually infinite duration of the maximum water level for schematization of pore pressures and pore
water flow.
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Lxi = expected values of the variables

Between the discrete calculated values of the t¢omal S(h) and a,(h) we apply linear
interpolation, respectively extrapolation outside investigated range.

The model factor is already included in the cal®davalues using a model factor on the
uncertainties in the Bishop slip circle approach.

2.2.5 Fault Tree

The following fault tree illustrates the dependescbetween the mechanisms for the chosen
scheme (including slope stability):

Dike breach

| o |

Failure through Failure inner
Heave / Piping slope
(JW AND (l\ OR
| | ' |
- Erosion -
Heave Piping Failure Instability
| é AND |
Overflow Erosion

Figure 2-6: Fault tree for dike breach criteria

This fault tree is not suited for the determinatidrthe failure probability in the total calculati®
scheme, but merely a representation of the critettodecide whether a dike breach is to be
initiated in the hydraulic calculations.

Remark: The fault tree in Figure 2-6 illustrate® ttlecision scheme for dike breach initiation, if
all above described mechanisms are used. In the s@aslies presented in this report sometimes
reduced fault trees with a smaller number of meras have been used.
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2.3 DikeBreach modelling

The previously described mechanism descriptionsiseel to detect the initiation of failure, i.e.
the loss of integrity of the dike. Once this oc¢arsime-dependent breach growth formulation is
applied (e.g breach development as function ofltve passing through the dike breach) and the
geometrical model is adapted accordingly (diketdeasl| decreases locally and the breach grows
in width). This influences the further hydrodynarmdievelopment as well. In the present study a
different breach growth concept was used thanearetirlier Delft Cluster research project.

2.3.1 Dike breach growth concept in the DC1 research project

In the earlier Delft Cluster research project (aéex referred to as the DC1 project), both
overflow and piping failure mechanisms were evadatf failure occurred, the dike-breach
process started immediately. Hence, any kind ofluas$ strength was neglected. Further on, the
dike-breach process occurred irrespective of aciuat levels and flow velocities through the
dike-breach. More precisely, the dike-breach precesnprised of two steps:
1. In the 1% step the initial dike height was lowered towards losairface level. The
lowering occurred in 1 hour for a constant breaddtiwof 20 m.
2. In the 2" step only the width of the dike-breach was increasddre precisely, a final
breach width (B,,) was attained in gleach hours. Both B, and TheachWere stochastic
model parameters.

Resuming In the DC1 project residual strength was negtecded dike-breach developed
irrespective of the magnitude of the flow througle tlike-breach. Hence, the height of the dike
was always lowered to local surface level and ithe breach width was always attained.

2.3.2 Dike breach growth concept in the present (DC2) research project

In the present Delft Cluster research project @itee referred to as the DC2 project), the failure
mechanisms described in section 2.2. are evalu®edidual strength should preferably be
considered. In the DC2 project, residual strenglils,wnowever, not considered due to the lack of
adequate formulations that describe remaining wasicdtrength after the occurrence of a
particular failure mechanism. In the DC2 projeadnh growth was a function of the magnitude
of the actual flow through the dike-breach. Thismportant, since the magnitude of changes in
hydraulic loads elsewhere in the river system ddpam the magnitude of flows through dike
breaches. In return, flows through dike breachesexd@ on governing hydraulic boundary
conditions and the time-dependent growth of dileabhes.

Irrespective of which failure mechanism occurredaapotential breach location, the same
breaching formulation was applied in the presen€Zp project. The breaching formulation
comprises of two steps:
1. The1* step:
Once failure occurs, the dike-height at the conoegrmpotential breach location is
instantaneously lowered to a level that is 0.10atoWw the maximum of the adjacent river
level and the adjacent water level in the protecteh (i.e. dike ring). This means that
any kind of residual strength is neglected.
Thereafter, if the actual flow-velocity through tkdée-breach exceeds a critical flow-
velocity (u), the dike-height decreases with a constant Low&peed and for a constant
breach width (B) till the maximum of the local surface level{d is attained.
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LoweringSpeed = ( ,z ,Z)/ o (2.12)

2.

where:

LoweringSpeed = velocity in which the dike heightowered in m/hr

Z, = initial dike height (i.e. before failure occed) in m.

Zmnin = maximum of the local surface level at bottesof the dike in m.

To = Time period during which the dike-breachying a constant initial
width (B) is lowered from its initial crest level{zs eve) tO its final crest
level (znin) [hr]

The critical flow-velocity (4), the constant breach widthBthe initial dike height ()
and time period (To) are stochastic parameters.

The 2" step:

The 2 step starts as soon ag;Zis attained. (t3). In the 29 step, the dike height
remains equal to £, However, as long as the actual flow-velocity tlgl the dike-
breach exceeds the critical flow-velocity:)(uthe width of the dike breach develops in
accordance with the Verheij-vdKnaap formula.

In the Verheij-vdKnaap formula the breach-width dento an asymptotic analytical
solution. However, there is no physical limitatitor the maximum breach width. The
Verheij-vdKnaap formula reads:

B

B(ti..) = B(t;,) +EAt (2.13)
and:
(@) — flfz{g(hup - hdown)} L 1 (2 14)
&’ In10 u? f,g :
¢ 1+T(ti _to)
Conditions:

If  Ngown < Zmin than yields fown = Znin
If B(t) < B(t.1) than yields B{} = B(t.1)

Where:

B(t) : Width of the breach at point-in-time t,

At : time step [s]

f1 : Constant factor [-]

f, : Constant factor [-]

g : Acceleration due to gravity [rfi/s

hup : Upstream water level at point-in-time [m
hsown : DOwnstream water level at point-in-time t [m]
t; : Point-in-time [hr]

to : Point-in-time [hr] at which the localr§ace level (%) is attained
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Uc : Constant critical flow-velocity sedimésdil [m/s]

Verhey and van der Knaap propose following defeallies and range:

Parameter Default range
f1 1,3 0,5-5
f, 0,04 0,01-1
Bo 10 m 1-100m
To 0.1 hr 0.1-12hr
Uc 0,2 m/s 0,1-10m/s
To : Time period during which the dike-breach, hgvinconstant initial

width (&) is lowered from its initial crestlevel {zst ieve) tO its final crest
level (zin) [hr]

Classification of soil-strength:
In the Verheij-vdKnaap (2002) formula, a value tgrshould be defined. In the Table below
values for yandt, are given as function of the soil-type.

Sail type Uc (m/s) 1. (Pa) Grondsoort

Grass, good 7 185 gras, goed

Grass, moderate 5 92.5 gras, matig

Grass, bad 4 62 gras, slecht

Clay, very good 1.0 4 klei, zeer goede (compalt;

(compacted) tongedraineers= 80-100 kPa)

Clay, good (firm) 0.80 2.5 klei met 60% zand (steyi
fongedraineerd= 40-80 kPa)

Clay, moderate, 0.70 2 goede klei met weinig structuyr

(little structure)

Clay, moderate 0.60 1.5 goede Klei, sterk gestructureerd

(considerable

structured)

Clay, bad (weak) 0.40 0.65 slechte klei (slapgediraineerd =
20-40 kPa)

Sand with 17% silt| 0.225 0.20 zand met 17% silt

Sand with 10% silt| 0.20 0.15 zand met 10% silt

Sand with 0% silt | 0.16 0.10 zand met 0% silt

For a knowrt; value, a value forqdcan determined using the formula given below

U= 057, (2.15)

Further on umight be determined using the following formula:
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Uy = Uy ang(1+ 0,01 P, ) + 3( 0,65 V) (2.16)

Where:

Default valuesx = 15, =1 and Wzang = 0,2 m/s

v =n/(1-n) with n = soil pore fraction (defaul= 0.4),
Peay = percentage of clay

24 HIS-SSM damage module

The flood consequence (i.e. damage and victims)datermined using theH1S Damage and
Victims Module’ (in Dutch, referred to as HIS-SSM, séwiizinga 2004 HIS-SSM is a
commonly applied method for determining flood cangnce in the Netherlands. HIS-SSM
comprises, a computational engine, a database aswhlled damage and victim functions
(Jonkman 200 The standard database contains detailed infaamabn the land-use
(agriculture, urban area, industry and so on) dtagethe number of inhabitants, cost of houses
and infrastructural works for each region in thetidglands. Per land-use there are standard
damage and victim functions available in HIS-SSMeTiser can define its own database as well
as its own damage and victim functions. In the cdady (see chapter 5) the standard database
and the standard damage and victims functions agpéed in the HIS-SSM computations.
HIS-SSM is a GIS-based tool that requires per 2idl gell of the hydrodynamic model
schematisation, the characteristics of the floatkepa (for details, see section 2.1) as main input.
Based on this hydraulic information and the settatamage and victim functions, HIS-SSM
computes the expected economical damage and thectexip number of victims. This is
illustrated in Figure 2-7. HIS-SSM can provide flbconsequence for the entire area as well as
per user defined sub-areas (e.qg. per dike ring.area
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Ground use Damage Module
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Figure2-7: Flood damage determination with -SSM (VNK 2005
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3 Statistical models

3.1 Hydraulic models

Important processes and variables for the loadvens are:
* River discharge
» Duration and form of a high discharge
* Wind speed and direction
* Water level at the river mouth
» Duration of the storm onset

In the current study the basic concept is applied teal flood protected area in the Netherlands,
situated between the rivers Rhine and Meuse. Fdrdtea it is assumed, for the time being, that
wind speed and direction, sea water level and tmatidn of the storm onset need not be

modelled statistically. In fact, for down streantdtions deterministic stage discharge relations
are imposed. However, in future projects they aahshould be taken properly into account. The

simplified assumption in this project is based ba location of the area at hand (the east of the
Netherlands) and the failure mechanisms that aeekb at (overflow, heave and piping).

With respect to the river discharge, duration amrnfof the discharges, use is made of the PC-
Ring implementation which accounts for the disckastatistics based on:
1. The distribution of the yearly extremes, which giveturn times of the top discharges,
2. The arbitrary point in time distribution, which gis the average number of days per year
that a certain level of discharge is exceeded.
In case of more than one river threatening the dflalefence, the correlation between the
discharges is used to account for the probabitiag an extreme discharge occurs on both rivers.

Details of this modellation can be found ihéoriehandleiding PC-Ring, deel B statistische efled’
(Vrouwenvelder et al).

In order to establish the physical relation betwéecal water levels and river discharges,
SOBEK calculations are used. These calculationscarged out for the chosen geographical
model, assuming absence of river system behavibecte. That is, the hydraulic loads on the
dikes are computed assuming that the entire floadewpasses through the system without any
dike failure or overtopping. The resulting hydraulbads are calculated for a range of discrete
peak flood waves:

from 500 to 7900 fits with steps of 100 ¥ts for the river Meuse, and

from 2000 to 25000 f¥s for the river Rhine (both with steps of 10&/sh*
These relations are derived assuming the 50% wdltree flood wave pattern.
As a result, a database is obtained with waterdgver location as a function of the peak flood
waves.

® The original statistics as described in ‘Theoriehandleiding PC-Ring, deel B statistische modellen’
(Vrouwenvelder et al) and as implemented in PCRing were used. In order to speed up the calculations in
findig failure scenarios, within the context of proof of concept, a pragmatic assumption of temporarely
extending the upper bound for Lobith from 18000 to 25000 m*/s was adopted. From a hydro-
meteorological point of view, it is doubtful if such discharges can occur (see Deltares, 2008). Besides, the
frequency of occurrence will be much smaller than the one derived from the applied joint probability
density function (see Gudden and Overmars, 2004; Lammersen, 2004).
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Prob2B draws of the random samples for the peathdiges of Rhine and Meuse (the latter
conditionally on the first) and then obtains thetevalevels on the locations. When, in
combination with the Mont Carlo realizations of thi&e properties, failure and or overflow is
calculated in one or more locations, the set oapater values is saved to a file for use in the 2-
D Sobek inundation simulations. The latter will mganake use of the high water waves as
already generated by the water wave generatorrinidg the MHW database.
The time delay between discharges at Rhine (Lolaitld) Meuse (Vieringsbeek) is based on ‘Het
samenvallen van pieken op Rijn en Maas in het bmaderengebied’ (Diermanse et al) and is
modelled as:

0 hour if Qepitr>=8000n¥/s OR Qieringsbee=2000n1/s

-36 hour in all other cases.
With the minus sign indicating that the peak disgkaat Vierlingsebeek on river Meuse occurs
36 hours before the peak discharge at Lobith cer iRhine occurs.

3.2 Dikeproperties

The following list gives an overview of the variablinvolved in the currently described failure
mechanisms, except slope instability:

Table 3.1: Variables overview

Variable | incode Unit Description M echanism(s)

h h [m+NAP] | water level all mechanisms

D D [m] aquifer thickness piping

L L [m] piping length piping

d d [m] impermeable top layer thickness heave ngipi

Nhinter h_hinter [m+NAP] | hydraulic head hinterland heguipjng

hy h d [m+NAP] | dike height overflow, erosion

tan(@;) tanalphai [ inner slope angle erosion

Vsat gamma_sat [KN/m3] saturated volumetric weight dof ttheave
impermeable top layer

Y gamma_w [kN/m3] volumetric weight of water heavipjipg

k k [m/s] specific permeability piping

dzo d70 [m] 70th percentile of the gra|npiping
distribution (sieve curve)

v nu [m2/s] kinematic viscosity piping

n eta [-] White constant (sleepkrachtfactor, piping

0 theta [rad] rolling resistance angle piping

Y gamma_g [kN/m3] volumetric weight of the grains ipp

Cq cg [-] grass quality coefficient erosion

te te [h] critical velocity exceedanceerosion
duration

K K [m] roughness coefficient by Stricklererosion
(inner slope)

Mg mO [-] model uncertainty critical hedadheave
difference for heave (damping)

mp, mh [-] model uncertainty head differencdeave
for heave (damping)

My mp [-] model uncertainty Sellmeijer piping

Me me [-] model uncertainty erosianerosion
inner slope
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Data on the probability density functions for thkeed(resistance) parameters were taken from the
FLORIS project (VNK 2005). For the case studiespntéed in chapter 5 and 6, the parameters
are presented in Appendix C.
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4 Computational Framework for the Risk Analysis

4.1 System calculation procedure

Uncertainties are present in the loads on and ptiepeof flood protection systems as well as in
the characteristics of the area under considerationaddition to the uncertainties in the
properties there are modelling uncertainties amgb ahe degree of detailing is a factor
contributing to scatter. In principle, it is podsilbo model every house for collapse, every person
for drowning and every car for evacuation. But ¢hesfined models will be too time consuming
in the first place and may even be not reliablee Dlst strategy is probably to use the refined
models for calibrating the simpler ones. At the saime these models should be calibrated to
real world data as far as possible.

In cost benefit based decision analysis it is uglglfficient to calculate the expectation of the
damage. The final scatter in the damage is in jpi@dittle used. This, however, does not mean
that we can neglect uncertainties in the variomsloan variables. In the first place, neglecting
uncertainties may lead to incorrect estimates peetation, as in general EKJ is not equal to
g(E(X)), except for linear relationships.

The general expression for a flood-risk R for aaiartime interval (0,t) is given by:
R=E(D) = [D(x)f(x)dx (4.1)
Where

X the vector with all the stochastic parameters
f(x)  is the joint probability distribution function af
D(x) is the capitalised value of the damage in (0,t)
E(..) is "expected value"

Elements of the vector x which play a role in threlglem are: the river discharge, the wind
speed, the sea level, soil properties, dike liniegiergency measures, polder roughness,
behaviour of secondary dams, etc. These quantitigstinciple, are defined for every point in
time in (0,t) and for every point in space.

4.2 Scenario approach

If the consequences conditional upon failure aterdanistic and do not depend on the particular
failure scenario, the risk may be written in thdlweown standard from:

R=P:C. (4.2)

where Pg is the (annual) failure probability an@ is a numerical number representing the
consequences of failure, for instance expressethonetary units. In most cases, however,
consequences are not deterministic and may alsendegn the failure scenario, which then leads
to:
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R:ZPi E{C,|F} (4.3)

HereP; is the annual probability for brancher failure scenarioand EC;j|F) is the expected
value that may be associated with the corresporatingrse consequences, conditional upon
failure. In this studyC; is supposed to be positive. Negative valueS fhdicating benefits) are
treated separately. A worked example can be fonrfdan Manen and Brinkhuis, 2003)ote
that branches or scenarios represent exclusiveesegs of events. Consequently, the sui®; of
equal to the probability of failur®: = 2 P,.

Usually, a standard reliability analysis does meaidl to a set of scenario probabilities, and it may
be necessary to do some post processing. Consdan axample a small system of two dike
elements. In that case, we would have to calculate:

R=PCi+P,C+P1rCoo (4-4)
whereP; is the probability that only element 1 fail; the probability that only element 2 fails

and Py, the probability that both elements fail. If inutida does not change the physical
conditions, we simply have (being the limit state function for failure):

P, =P (Zl<0 N Zo >0) =P (Zl<0) -P (Zl<0 N ZZ<0) (45&)
P, =P (Z:>0 n Z,<0) =P (Z,<0) - P (Z1<0 n Z,<0) (4.5b)
P12 =P (Z1<0 n Z<0) (4.5¢)

However, in most cases the conditions for eachaa@mepend on the physical circumstances.
For instance, if the weakest element fails firstime, it may unload the other element. As a
result that element will not fail at all and congeqtly P1> = 0. This is a reasonable scenario for
river dikes. In that case the valuesafandP; follow from:

Py = P (Z:<0 n Zi<Zy) (4.6a)
P2 =P (Z:<0 n Z,<zy) (4.6b)

indicating that one element fails and the othemelet is stronger. Note that this formulation
requires a similar metric for both mechanisfmsand Z, that enables a direct comparison. For
other types of dike failure mechanisms, the doveastr elements may be unloaded, but not the
upstream ones. In that case we have, element fj erupstream element:

Py = P(2,<0) (4.7a)
P, = P(Z2<0 n Z;>0) (4.7b)

Actually, we should also include the hydraulic amtstances, as they may influence the course of
events. This approach has been used (or is useudjiects like Picaso VNK1°> and VNKZ. For

* Bouwdienst Rijkswaterstaat en Dienst Weg- en Waterbouwkunde Rijkswaterstaat, Pilot Case
Overstromingsrisico, Deel VI: Eindrapport, Delft, 2001.

® Projectbureau Veiligheid Nederland in Kaart, Hoofdrapport Onderzoek Overstromingsrisico’s, 2005 SBN-
90-369-5604-8.

® VNK-2, http://www.helpdeskwater.nl/projectvnk/project_vnk2
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complex dike rings the amount of relevant scenamay become very large. Additionally, to
limit calculation time, consequence estimates oséhcalculations are based on the design point
of the scenario. As the scenarios were mostly @idtdby the consequences, the scenarios
themselves were compound events, not always pasgessinique and physically well defined
design point For that reason a new method was tbtike as described in the next section.

4.3 Direct Risk estimate using Monte Carlo

The integral (4.1) can also be evaluated using atdarlo procedure. In such a calculation a
set of random variablesis generated and the series of events that tdkes m the flood area,
are determined. This is a complex but fully deteistic analysis. All the water levels, the waves,
the dike strengths etc. in the entire area are knfaw the period under consideration. If the
combinationx leads to an initiation of flooding somewhere ie tirea, all consequences of this
event for the rest of the area can be considered.

The basic formula for a direct Monte Carlo estiméde the risk or unconditional damage
expectation is given by:

R:E(C):%z C(x) (4.8)

The summation is over all runs, N is their totaher or runsC(x) is the damage (which is zero
in case of no inundation), and x is the vector afidom variables with probability density
function f (X.

Applying importance sampling can often approvedtfigiency:
R:E(C):%Z C(x)( f(x)/ h(x)) (4.9)

where h(x) the density function for the importance sampliigis formulation (4.9), however,
still requires many simulations in order to geffiignt certainty.

In many cases there are more efficient ways toneséi the failure probability, for instance the
combination of FORM and System Analysis. In thatecave estimate the risk from:

R = E(C) =P E(C|F) (4.10)

where the conditional damage (assuming importaaoging) expectation follows from:

3 C(x)F(x)/ h(x)

E(CIF)= ST F(x)/ (x)

(4.11)

The functions h(x) may be inspired by the resuftshe failure probability calculations. In the
case of normal sampling, of courdgx) = f(x).



30

The point is that the determination of E(C|F) i$ & time consuming as (4.8) as the numerator
and denominator in (4.11) are heavily correlatesk (subsequent example)). Note for instance
that in the case of C being deterministic, only ame is necessary. In order to assess how many
Monte Carlo runs are necessary; assume that weptaaceerror of 10 percent. A sufficient
number of runs is then obtained if:

o(C|F) /I(N) < 0.10* E(C|F) (4.12)
Here N is the number of runs leading to inundatiod E(GF) and o (CF) are the estimators of
the conditional mean and standard deviation follgrfrom the importance sampling.
If P(F) has been calculated by Monte Carlo (botiderand importance sampling) we may use
directly the runs where failure occurred.

Example

To show the advantage of the proposed procedunsjder the case where the limit state
function is given by:

Z=2-% (4.13)

and the consequences in case of failure by:
C =100 (1+0.1 ¥0.1 %+ 0.1 %+ 0.1 % +0.3 %) (4.14)
All variables x are standard normal. We perform an Importance Bagpn % with an increased

standard deviation equal to 2.0. The number of $8rip equal to N= 100. Repeating this
simulation for 10 times we find the following resul

simulation Risk using
number Risk using (4.9) (4.10/4.11)
1 0.65 3.37
2 7.50 3.49
3 0.03 3.89
4 1.80 3.06
S 1.41 2.94
6 8.42 3.22
7 4.24 2.28
8 4.11 2.73
9 4.18 3.13
10 0.30 2.82
Mean 3.26 3.09
stand dev 2.96 0.44
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It is obvious that the analysis based on (4.9)ahksge scatter and N=100 is not enough to get a
reliable result. The column based on (4.10) antildshows much les scatter and the result for

N=100 is acceptable. P(F) is equaffi62) = 0.023.

4.4 Theprocedureused in chapter 5and 6.

t—E(J<: FORM
S By &
R = P E(C|F) -
Hydraulic

database

2

M analysis
(no system behawiour)

Proh2B

Hydraulic loads
[no system behaviour)

Strength
parameters

Failure I
scenarios

System behaviour

Damage Module

Sohek

HIS-SSM

Figure 4-1 Schematic representation of the computational framework

Following the path of separately calculating faaland failure scenario based consequences; a
computational framework as shown in figure 2 hasnbdeveloped and used in the present
analysis (case studies in chapter 5 and chaptell®. six basic steps of the framework, as
enumerated in Figure 4-1 are described below.

Step 1: Determination of hydraulic loads withouhswlering effects of river system behaviour

Initially, hydrodynamic calculations are carried éor the chosen geographical model, assuming
absence of river system behaviour effects. Thaheshydraulic loads on the dikes are computed
assuming that the entire flood wave passes thrtwghystem without any dike failure. These
computations are carried out for a range peak drggls at the upstream boundary of the system.
The results are stored in the so-called Step lawdrdata base.
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Step 2: calculating the probability of failure ftre system.

For the dike ring system at hand a reliability aédtion is performed. The result is the
probability P that at least one dike (section) within the systaits. A method is chosen that
efficiently calculates thi®e. For the Netherlands, the PC-Ring softw&@teénbergen et al, 2004,
and Vrouwenvelder, 2001s available. It is able to calculate failure ipabilities per dike ring
(comprised of sections) but also systems of dikgsican be evaluated. Combinations of
reliability methods, e.g. FORM, and System Anayg.g.Hohenbichler et al, 1983 an be
chosen. The analysis comprises properties of tkesdiegarding the considered failure
mechanisms as well as peak discharges at the apstreundary of the geographical model. The
load on the analyzed dike sections are interpolasang the Step 1 hydraulic database. Loads
and resistances are compared using performancedusaevith respect to the failure mechanisms
considered, such as piping or overflow.

Step 3: A representative set of Monte Carlo rediliges, conditional upon failure

At prefixed potential breach locations reliabilégalyses per section are carried out using Crude
Monte Carlo runs. The realizations comprise propgif the dikes regarding the considered
failure mechanisms as well as peak dischargesatghtream boundary of the geographical
model. The load on the analyzed dike sectionsrdespolated using the Step 1 hydraulic
database. Loads and resistances are comparedpasiognance function as described in
Chapter 2.

The results of this step are the probability thhdéast one dike (section) fails, a representaate

of realizations conditional upon failure (at lease dike section fails) and the complementary set
of realizations, in which no failure occurs.

If there is a failure, all data will be stored tbe third step. The data consist of:

Discharge time function of the river Rhine at Lbbit

Discharge time function of the river Meuse at Miegkbeek,

Wind direction and velocity (uniform over the casedy region)
Resistance properties for all potential secondd tbic breach locations.
Breach properties, including possible random qtiasti

The location of the failure

The failure mechanism

YVVYVYVYVY

The MC was continued until about a 100 failure rumsre found. The advantage of this
procedure is that Step 3 can be made with a relaimple and quick calculation procedure. The
efficiency of this step may even be increased bgdrtance Sampling, possibly in combination
with a FORM step.

The 100 runs are primarily based on a first assessof the variation in the systems probability
of failure. Results will have to show whether sachumber of scenarios will also suffice for a
proper assessment of the consequences and risk.

Step 4: Hydrodynamic calculations, allowing foreets of system behaviour

In Step 4 the hydrodynamic consequences (i.e. mi@tation of the flooding pattern) including
the effects of dike failures and overflow of dikae determined for the representative set of
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realisations with failure obtained in Step 3. Thas done by means of SOBEK computations as
described in section 2.1

Step 5: Determination of flood consequence (dangagetims)

In Step 5, flood consequence is determined forréipeesentative set of realizations conditional
upon failure (i.e. the findings of Step 3). Moreegsely for the Step 3 representative set of
realizations, the direct economic damage as wethaexpected number of human casualties is
computed with HIS-SSM (see section 2.4) using tbeding patterns determined in Step 4 as
main input .

No damage and no victims are assumed for the skloate Carlo realizations from Step 3, in
which no dike failure occurred (i.e. the complenagpntet of realizations).

Step 6: Determination of Flood Risk
Determine the risk from:
R =E(D|F) P(F) (4.14)

D is the damage for an arbitrary scenario, P(H)essystem failure probability, which follows
from the PC-Ring calculation in step 2 aBqD| F) is the average damage following from step
5. The conditional risk was estimated by (4.11) nghr this case simply:

EDIF) = INZC, (4.15)

An important question is how many runs are necgdsasteps 3 to 5. For the time being it was
assumed that we needed about 100 failure casestta geliable result. We will return to this
issue after discussion of the results of the castysWe will also discuss some options to reduce
the calculation time.

4.5 Fluctuationsin time and space

Some parameters fluctuate every year or even mibe@,cothers are constant in time. In the
analysis we only look at one event with a totaletispan of about 1 month. The sampling will be
either a pure importance sampling (increased veeiaar shifted mean) or a constrained
sampling. The stretching to a longer period will inade by the outcrossing approach. This
means that we calculate the probability of fail(Fgin one month and survival (S) in the month
before. Then the outcrossing approach gives:

P(t) = P(R) + (N()-1) P(@N F) (4.16)

Where N(t) is the number of reference periods (in&nin the period t under consideration, e.g.
one year or several years. The longer period isssry for economic optimization, but also for
the Individual and Social Risk criteria. TAW ha®posed that an averaging of these risks over a
period of say 10 year would be appropriate.
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Another issue is the length effect. It is proposedse also there an analytical solution based on
the outcrossing approach, similar as in PC-Ring.

The above scheme holds for some relatively shion §pan, one year or a part of it. The results
need to be expanded to a period of say 50 yearthele are no time depending loads or
deteriorating effects, we may use a transformatiotihe standard out crossing method to the risk
domain:

R(T)= R(1)+(T-1) (R(2)- R(1)) (4.17)

where R(T) is the risk for a period T (in years) aRfil) andR(2) are risks for 1 and 2 year
periods respectively. Additionally corrections fliscounting, deterioration and climate changes
should be included.
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5 Casestudyl
5.1 Description

The described computational framework (section hag

been applied to the upper (river dominated) parthef

Rhine and Meuse river basin, in the eastern pathef
Netherlands (see Fig 5.1). The model area or slut
region includes eighteen Dutch dike ring areas e &

two German polders located along the Niederrheime -
case study area covers 4600 square kilometres.

In this case study potential dike breach locatwage only

considered in one dike ring, called “Dijkring 41aid van

Maas en Waal” (see Fig. 5.2). At all other locasiatike- B
sections cannot fail, but may be overtopped as SIS

river levels exceed dike Iev}(/els. More rﬁrFécisely iked ;\:{""f\?“wuk«\

sections along river Waal (Dr41L1 - Dr41L5) and iged Belgium
sections along river Meuse (Dr41L6 - Dr41L11) we
considered. These dike sections were selected loastad

flooding characteristics of the concerned area. Fig. 5.1 Location of case stadea

In the current case study, these eleven potentied Oreach locations are assumed to be
appropriate for the characterization of the flowik.rin chapter 6 (case study 2) this assumption
will be checked by increasing the number of Iocraﬂib’he analysis used = 7 10 Monte Carlo
realizations of the input parameters. (Crude M@dado).

N R IJssel =
= Bt 7
TR ] \‘\r[

A
Closed Meuse 5
g

Dike ring 24

——— Primary flood protection work, category a (protects so-called dikering ares against flooding)
——— Primary flood protection work, category b (connects dikering areas)
<+ Considered dike breach location

Fig 5.2 The case study area
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5.2 Initial and boundary conditions

Upstream at river Rhine (e.g. at Lobith) and ustrat river Meuse (e.g. at Vierlingsbeek) flood
hydrographs@=f(t)) with a certain return period were imposed. Fle@Ves on river Rhine and
Meuse are mutually correlated. Therefore, a joirttbpbility density function was used (see
section 3.1). In some of the scenarios (see Tallg Bery large discharges are applied (e.g.
25000 ni/s on river Rhine and 5300%s at river Meuse). From a hydro-meteorologicahpof
view, it is doubtful if such discharges can occseg Deltares, 2008). Besides, the frequency of
occurrence will be much smaller than the one ddrivem the applied joint probability density
function (see Gudden and Overmars, 2004; Lammer2004). The shape of the flood
hydrograph were determined, using the flood waveegsor (HKV, 2004). Presently only
median flood wave shapes were considered. Dowmstagathe Meuse as well as on the river
Rhine branches (deterministic) stage-dischargeioakhips were used.

Table 5.1 Maximum discharges on river Rhine and $é¢eu
Scenario Max. discharge’fm| Scenario Max. discharge’fa| Scenario Max. discharge’ls
No. Rhine Meuse No. Rhine Meuse No. Rhine Meuse

Scen 1 18700 4600 Scen 23 20100 4200 Scen 45 1953500
Scen 2 18900 4300 Scen 24 21300 5300 Scen 46  187@B0O0
Scen 3 18800 4300 Scen 25 17900 3900 Scen 47 184@1H00
Scen4 18400 4200 Scen 26 19600 4400 Scen 48 179@R100
Scen 5 13500 3300 Scen 27 17900 3900 Scen 49 198@1KH00
Scen 6 17900 3600 Scen 28 18600 4500 Scen 50 114@5%00
Scen 7 18900 4200 Scen 29 12100 2500 Scen51 9800800 1
Scen 8 19600 4200 Scen 30 25000 5100 Scen 52 187@Y00
Scen 9 18700 4200 Scen 31 20300 4000 Scen 53 186@1200
Scen 10| 18300 4100 Scen 32 18800 3800 Scen 54 194@200
Scen 11| 20700 5100 Scen 33 20300 4500 Scen 55 178@G800
Scen 12| 23000 5300 Scen 34 17800 4400 Scen 56 207@GDOO
Scen 13| 14100 3600 Scen 35 18900 4500 Scen 57 8600400
Scen 14| 13500 2600 Scen 36 19100 4000 Scen 58 205@®00
Scen 15| 10300 1500 Scen 37 11700 230Q Scen 59 196@®B00
Scen 16| 19800 4800 Scen 38 20800 4500 Scen 60 113@200
Scen 17| 20400 4800 Scen 39 25000 5700 Scen 61 185@800
Scen 18| 21100 4700 Scen 40 18100 3900 Scen 62 146@3800
Scen 19| 20200 4200 Scen 41 18700 4200 Scen 63 122@®00
Scen 20| 11800 1800 Scen 42 20200 4500 Scen 64 206@@00
Scen 21| 18500 4100 Scen 43 12600 3100 Scen 65 199@M0O0
Scen 22| 15100 3400 Scen 44 16000 3700 Scen 66 133@DO0O

5.3 Dikecharacteristics

Dike sections can fail at so-called potential brelacations only (see section 5.1 and Fig 5.1).
More detailed information on the considered potdritieach locations is given in Table 5.2

Dike sections in the model can fail as a resulbafls exerted on its river side as well as on its
dike ring side, i.e. the dike is considered symioetr terms of failure mechanisms for sake of
simplicity.
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As already mentioned, for all the other dike ringshe system it is assumed that its surrounding
dikes cannot fail. However, these dikes can overths soon as river levels exceed dike levels.
Data on the probability density functions for thiked(resistance) parameters in the model region
were available from the FLORIS project (VNK 2005).

Table 5.2 Overview of considered potential brelachtions.

Dr41Lx is considered potential breach location nanbr41Lx

* coding Dr4l, means dike ring 41 (“Dijkring 41: lchman Maas en Waal”)

» coding Lx, means potential breach location nuniber

Breach x-coord. y-coord. k®height River name and relative

Location ~ RDM RDM in metres positio
Dr41L1 183050 431050 14.95 Waal, kilometre 889 4
Dr41L2 177850 432650 14.06 Waal, kilometre 895 1
Dr41L3 170750 433850 13.20 Waal, kilometre 902_3
Dr41L4 165250 433250 12.80 Waal, kilometre 908 §
Dr41L5 158450 430350 11.75 Waal, kilometre 917 3
Dr41L6 184150 419050 12.83 Maas, kilometre 169 6
Dr41L7 177750 421050 12.42 Maas, kilometre 177_2
Dr41L8 173050 425950 10.77 Maas, kilometre 184_$
Dr41L9 165450 427450 10.09 Maas, kilometre 192_3
Dr41L10 160850 425450 8.73 Maas, kilometre 199 3
Dr41L11 158050 425850 8.91 Maas, kilometre 203 T
Notes:

1. xandy coordinates according to Rijksdriehoeknge{RDM), the Dutch geographical coordinate system
54 SOBEK model schematisations

Two different SOBEK models were used

1. SBK_1: SOBEK model that only covers the river networkl &ike ring 41 (see Fig 5.1),

2. SBK_2: SOBEK model that covers the entire case study @ee Fig 5.2).
Both SOBEK models consider the same potential Oieach locations (see section 5.1 and 5.3)
and have spatially uniform (2D) grid cell size ®0m.
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Fig 5.1 The SBK_1 model schematisation

WederrijfaLak

Fig 5.2 The SBK_2 model schematisation
55 Results
Results of the case study are given in line wi#pStl to 5, discussed in section 4.1.
5.5.1 Step 1 results
For STEP 1 a number of hydrodynamic model runs e@aged out for a range of flood waves
(Q=f(t)) on river Rhine and Meuse. The result of step & fs/draulic database, containing per

potential breach location the river levels for eifnt upstream flood waves, having increments in
the peak discharge of 10Cs



39

5.5.2 Step 2 results

A PC-Ring calculation is made for dike ring 41ilve PC-Ring schematization the dike ring is
divided into 80 sections. The annual failure praligtfor dike ring 41, R, is calculated:

P-=0.02 [-/year]

5.5.3 Step 3 results

The evaluation of the 7 $0Monte Carlo realizations in STEP Il in the simiglif model,
neglecting system effects and using the water $edetermined in STEP I, led to 65 scenarios, in
which at least one dike section failed in the systAs the Monte Carlo simulations make use of
realizations for discharges based on 48 hourssttat this leads to an estimate of the failure
probability for the dike ring oP; = 9.4 10° [1/48hrs], i.e. the probability per 48 hours of a flood
event in the area as a consequence of a dikedailur

Remarks:

a. The absolute value of the failure probability astimated by the above Monte Carlo
simulations is not considered to be representaforethis dike ring, since in the calculations
made no length effects were accounted for and elelyen infinitesimally small locations were
chosen. It is only of indicative nature.

b. When transforming the failure probabilities t@eriod of 1 year, the change will roughly be in
the order of a factor 90 (1 year ~1 season ~18Gd&0*48 hrs). The corresponding probability
of failure would thus be approximately 0.001 [1ije&he full PCRing calculationof step 2 for
dike ring 41 leads to a total failure probability @.02 [1/year] f# = 2).

The variation coefficient of the failure probabjlgstimate is about:
COV(R) = 1/sqgrt(65) =12 %

That is sufficiently precise for the present pugoBy the way, this failure probability is not
influenced by effects of river system behavioure dalculation time for STEP 3 on a standard
issue 2 GHz Windows PC was about 12 hours.

5.5.4 Step 4 results

In STEP 4, SOBEK computations with the SBK_1 madel the SBK_2 model (see section 5.4)
were made for the Step 3 representative set obsios(i.e. the Step 3 scenarios that resulted in
at least one dike failure). For each such scengeids that the same hydraulic boundary
conditions and the same strength properties foctimsidered potential dike breach locations (i.e.
Monte Carlo realization) are used in computatiorth the SBK_1 and the SBK_2 model.
Computational efforts on a standard issue 2 GHmLIRC varied from 140 to 580 hours (6 to 24
days) per model run. The required computationag isrroughly a linear function of the
maximum discharges imposed at the upstream bowsd&ecently the computational procedure
has been optimized, resulting in computationalrefs650 to 150 hours (2 to 6 days) per run.
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Table 5.3 gives the total number of failures pdeding 41 breach location, which occurred in
the sets of 65 scenarios. In Step 3, locationedailue to exerted hydraulic river loads only. For
Step 4, a distinction is made between failures ¢eduby river loads (river side) and by hydraulic
loads exerted at the dike ring side, that occurtduée flooding of dike ring 41. Table 5.4 gives
a classification of scenarios with respect to ddikire locations.

Both Table 5.3 and 5.4 indicate effects of rivesteyn behaviour. The general trend in
Table 5.3 is that the number of failures per lamgtinduced at the river side decreases with the
degree in which river system behaviour is enabBadtem behaviour was not enabled in Step 3.
In Step 4&SBK_1 system behaviour was enabled foe dng 41 only, and in Step 4&SBK_2 it
was enabled in the entire case study area. Oneamthat, downstream breach locations, except
for Dr41L10 and Dr41L11, benefit more from systeahaviour effects than the upstream ones.
Resuming, Table 5.3 and 5.4 provides indicatiorst #iffects of system behaviour are of
importance. Hereunder, more detailed observatiomgiaen for justifying the above statement.

Importantto mention is that all 66 Step 3 scenarios, coegbirt Step 4 with the SBK_1
and SBK_2 model, resulted in flooding (e.g. dikegrdl and/or other dike rings). Fbr(one)
scenario it yields that no failures occurred iInpSA&SBK_2 (more details, given hereafter). For
38 scenarios yields that failures as result of exkehgdraulic river loads, occur in Step 3 and
Step 4&SBK_2 at exactly the same location, andrateced by the same failure mechanism. For
17 scenarios yields that along downstream locatiooerfailures occurred in Step 3 than in Step
4&SBK_2, since, due to flood, water levels in SE&5BK_2 were lower than in Step 3. Far
scenarios yields that in Step 4&SBK_2_ a Meuse thiled due to high river levels, while this
was not the case in Step 3. The reason for theMakse river levels was that in Step 4&SBK_2
water from river Waal flowed into river Meuse, waihis is just not possible in Step 3.8istep
4&SBK_2 scenarios, in contradiction to Step 3 sdesano failure occurred either along a Waal
dike or Meuse dike. This can be explained as falokw Step 4&SBK_2 no Meuse dike failed,
since river levels were reduced by the floodingupbtream areas along river Meuse. In such
scenario, however, a Waal dike failed both in S3egind Step 4&SBK_2. In other scenarios it
was the other way around, meaning that for the saasons a Waal dike did not fail in Step
4&SBK_2, while both in Step 3 and Step 4&SBK_2 audge dike failed.

Detailed analysis of the Step 4&SBK_2 scenariaeetaled that in 56 out of the 62 scenarios in
which at least one Waal dike breach location faildabding of dike rings along river Meuse
occurred. An example is scenario 24 (see Fig SvBgre the left Waal dike at location Dr41L1
(Weurt) failed for Rhine discharges of 18908/sn As a result Waal water flows through dike
ring 41 towards locations Dr41L10 and Dr4l1L11. Sassively, the right Meuse dikes at
locations Dr41L10 and Dr41L11 failed as result o&ds, exerted on their dike ring side.
Consequently, a large volume of Rhine water flomsards river Meuse, that is conveying an
upstream flood wave with a peak discharge of 438@.rithe inflow of river Rhine water results
in the overtopping of dikes along dike-rings 36,88 39. Hence, although the dikes along the
latter three dike rings cannot fail in the modelpe flooding of these three dike rings occurs as
result of river system behaviowdverseeffect).

In Step 4, in contrast to Step 3 analysis, no bmegcoccurred in scenario 13 (see Table 5.4).
The reason is that in Step 4 hydraulic loads aadirdocations were reducebefieficial effect)
due to minor flooding of upstream dike rings 42 &3d(see Fig 7) and minor flooding of dike
ring 41 (i.e. overtopping of dikes in between diteach locations).

The above detailed analysis demonstrates the tomplex behaviour of river system behaviour.
It also demonstrates that beneficial and adverftsf can occur simultaneous or in separate
flood occurrences, that contribute to the ovedalbd risk. Hence, a method, as the one used in
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the present study, is needed to determine thestitatly weighted contribution of both beneficial
and adverse aspects of river system behaviourdyothilure probability as well as on flood risk.

Table 53: Failures of dike ring 41 breach ations

Location| Step 3 Step 4 & SBK_1 Step 4 & SBK_2
River side| River side Dike ring side| River side| Dike ring side

Dr41L1 34 27 0 27 0
Dr41L2 32 17 0 17 0
Dr41L3 27 11 0 11 0
Dr41L4 19 4 0 3 0
Dr41L5 28 10 0 9 0
Dr41L6 13 11 0 11 0
Dr41L7 1 0 0 0 0
Dr41L8 11 2 0 2 0
Dr41L9 1 2 0 0 0
Dr41L10 3 0 53 0 53
Dr41L11 1 1 44 1 44

Table 5.4 Classification of scenarios with respedailure locations
Waal failure One or more failures at potential breach locetibr41L1 to Dr41L5
Meuse failure One or more failures at potential breach locetibr41L6 to Dr41L11

e

Failures Both induced by loads exerted at river sidenadk exerted at the dike ring si(
Step 4 & SBK 1 Step 4 &SBK 2

Scenario classification No Scenario classification No

a. No dike failure 1 a. No dike failure 1

b. Only Waal failure 6 b. Only Waal failure 6

c. Only Meuse failure 2 c. Only Meuse failure 3

d. Waal&Meuse failure 57 d. Waal&Meuse failure 56

g . G
Fig 5.3 Flooding pattern in scenario 24 of thepSte& SBK_2 set
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5.5.5 Step 5 results

The computational framework determines flood riskng the HIS-SMM Damage and Victims
module (see section 2.4) and the hydraulic outmrhputed in Step 4 for the SBK_1 and SBK_2
models (see section 5.4). The computational framlewakes flood consequence (both expected
damage and expected number of casualties) avadable
» A flood risk mapwith spatial discretization equal to the SOBEKdgrell size (i.e. 100m
in the present case study), and

* Tablesof aggregated flood consequence per dike ring area

The flood consequence (i.e. damage and victimghe65 Step 3 scenarios are given in Table
5.5. Total area, refers to all flood prone areaesept the river network. The variation coefficients

(standard deviation divided by mean; SBK_2 modef)dike ring 41 are smaller than for the

total area (see Table 5.5). Due to the consideredch locations, dike ring 41 is flooded more
often (i.e. in each scenario). Flooding of othéswediings occurs only if dikes are overtopped. As
a result the mean flood consequence in dike rings 4élatively larger and its standard deviation
smaller than for the other dike rings.

For the SBK_1 and SBK_2 model, flood consequentekkie ring 41 are of the same order of
magnitude (see Table 5.5). Considering the SBK_#lahonly, means neglecting considerable
flood consequences in other flood prone areas.dFtmmsequences along downstream located
flood prone areas will become larger in case briegchlong these areas occurs. Hence for a
proper estimation of flood risk in the river basinis essential to consider the entire river basin
(e.g. to account for effect of river system behawioTo make this more explicit, consider that
one determines flood risk for dike ring 36, whilelyoconsidering breaching and overtopping of
Meuse dikes along dike ring 36. This will resultanunderestimating of the flood risk in dike
ring 36, since the failure of a left Waal dike ajodike ring 41 contributes to the flood
consequence (and hence flood risk) in dike ringe@6shown in Table 5.5).

As illustration, for the Step 4&SBK_2 scenario bk expected flood damage and expected
victims in dike ring 41 are respectively depictedhéstograms (see Fig 5.4). As illustrated in Fig
5.4 the mean value of the damage, considering thielyuns that lead to damage, v6a8 10 €
per yearwith a variation coefficient of 0.29 (e.g. stardi@eviation divided by the mean). That
suggests that there is something like a typicalatgmvalue in case of an inundation of this dike
ring, regardless of the way it is realised. Thisexs requires further investigation. The histogram
for casualties in Fig. 5.4 shows that the repredemt scenarios do not yield a symmetric
distribution (mean = 730) of casualties and a retht high variation coefficient of about 0.50. In
Fig. 5.5 the corresponding histograms for the Ste®SBK_1 scenario set are shown for
comparison.
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Table 5.5 Flood consequences of the 65 Stepriagos

Area

SOBEK model schematisation

SBK_1

SBK_2

Dikering 41

Mean

St.Dev

Mean

St.Dev

« Victims (-) 792 436 730 371
« Damage (€)| 6.2x10 2.2x10 5.9x10 1.7x10
Total area” Mean St.Dev Mean St.Dev
«  Victims (-) - - 979 832

 Damage (€)

8.9x10

7.9x10

1) Total area: all flood prone areas, except ther mmetwork

35

30+

251

number of occurrences [-] (total: 65 failure scenarios)

Damage [1 0° Euro]

Damage in Dikering 41 (Land van Maas en Waal) 11 locations
T T

mean : 5.9 10°
stdev: 1.7 10°

Damage in Dikering 41 (Land van Maas en Waal) 11 locations
T T

number of occurrences [-] (total: 65 failure scenarios)
= P [ 8] N w w S S
s @ 8 & 8 & & &
T T T T T T T T

w»

500

Casualities in Dikering 41 (Land van Maas en Waal) 11 locations
T T T T

mean : 730
stdev : 370.9

1000 1500 2000 2500
Casualities [-]

Histograms of damage and victims in dikg 41 for the Step4&SBK_2 scenario set

Casualities in Dikering 41 (Land van Maas en Waal) 11 locations
T T T T

35 55
mean : 6.2 10° 50~ mean : 791.8
30 stdev: 2.210° B stdev : 436
a5t |
25| i 40t |

number of occurrences [-] (total: 65 failure scenarios)

Damage [1 0? Euro]

number of occurrences [-] (total: 65 failure scenarios)
= - N N w w
s @& 8 & 8 &
T T T T T

5
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1000 1500 2000 2500
Casualities [-]

Histograms of damage and victims in dikg 41 for the Step4&SBK_1 scenario set
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5.5.6 Step 6 results

Finally in Step 6, annual flood risk is determinedhe dimensions of direct economical damage
and human casualties. It is assumed that eachrszeepresent a time span of one year. The
annual flood risk for dike ring 41 and for the laeea (e.g. all flood prone areas, except the rive
network) is given in Table 5.6. Since Crude Mongl€is used, the annual flood risk equals the
mean flood consequence given in Table 5.5 multigby the probability of failure. (see section
4.4).

For the probability of failure the same value istamed as calculated by a full PCRing
calculation for dike ring 41. Thus, PCRing’s vabfe? = 0.02 [1/year] is used for the probability
of failure.

This leads to the indicative values for the flomk ias presented in Table 5.6.

Table 5.6 Estimated annual flood risk

Flood consequence  SOBEK model schematisation
SBK_1 SBK_2

Dikering 41 Dikering 41

* Victims (1/Yr) 15.8 14.6

« Damage (€/Yr) 1.24x16 1.18x1G
Total area” Total area”

e Victims (1/Yr) - 19.6

« Damage (€/Yr) - 1.78x1G

Notes:
1. Total area: all flood prone areas, except the nxwork
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5.6 ConclusionsCase 1

In the past, the effects of river system behaviamaere not taken into account in flood risk
analyses. The presented computational frameworklesnais to assess these effects. In other
words, it can determine the statistically weightamhtribution of both beneficial and adverse
effects of system behaviour. That effects of sydbemaviour are of importance in the case study
area was shown in section 1.3.

Although breaching of dikes was only considered@ldike ring 41, in the analysed case study,
still the importance of considering effects of rsystem behaviour was demonstrated. Hence,
the study is to be contemplated as proof of confoep real Dutch situation. The effects of river
system behaviour would be more pronounced in ciksefdilures along all dike ring areas were
considered. However, for the sake of simplicityg(dor better understanding the phenomena
involved), it was decided to start with allowingebching of dikes along dike ring 41 only.

Computational framework

— The framework is suitable for including the effeofsriver system behaviour into flood risk
analysis.

— The computational framework is a modular framewirgt allows for implementation of all
kinds of modules concerning probabilistic calcdattechniques, structural models of flood
defences, hydrodynamic modelling, evacuation modghnd flood consequence assessment,

— The concept of the computational framework alsoved! for any kind of river basin and river
network, any kind of flood defence structure armb@ mitigating measure, any kind of failure
mechanism and breach growth formulation.

— The manner in which flood risk is determined, comntg information about the land use with
the potential flood characteristics calculated ihyalrodynamic model, is far more realistic
than earlier approaches as for example in the FISQiRbject.

- In the Netherlands currently there is a discusailoout the efficiency of segmenting dike rings
into smaller units by building dikes within thededd protected areas in order to palliate
consequences in case of flooding. The presentddsauitable for evaluating the efficiency
of such plans in terms of risk.

Case Study

— The case study showed that system effects cangbéicant and is considered a proof of
concept.

— The effects of river system behaviour are expetddse more pronounced and complex, when
larger regions and breaching along more dike risgsonsidered. This is supported by the
effects found in the analysis.

- In the case study, in some scenarios the landdiéedike failed as a consequence of loads
exerted on it from the inundated hinterland. Asntimned earlier, the dikes were considered
symmetric in terms of resistance parameters. Tliectebf this simplification has to be
investigated in future studies.

- Even though a Crude Monte Carlo simulation is edrrout, as in the case study, it was
feasible to carry out the computations with reabt;dime effort. This is because the
computationally intensive hydrodynamic model haly ¢m be run for scenarios that include at
least one failure within the system. The efficienmyuld still be increased by applying
Importance Sampling.

— An assumption for this case study was that theesl@hosen potential breach locations would
give a representative image of the risk for the eh@dgion. This assumption will be verified
by additional calculations with more of such looas in a second case study (chapter 6).
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6 CaseStudy 2

6.1 Description

An assumption made for Case study 1, describechapter 5, was to suffice with 11 breach
locations along dike ring 41. In this chapter th8uence of increasing the number of breach
locations is investigated.

The geographical area covered in case study 2isame as the area considered in case study 1:
it covers the upper (river dominated) part of tHerie and Meuse river basin, in the eastern part
of the Netherlands (see Fig. 5.1). The model aresualied region includes eighteen Dutch dike
ring areas as well as two German polders locatedgalhe Niederrhein. Case study 2 area also
covers 4600 square kilometres. Furthermore, ie sasdy 2 (as in case study 1) potential dike
breach locations were only considered along one dilg, called “Dijkring 41: Land van Maas
en Waal” (see Fig. 6.1a to Fig. 6.1c). At all othmrations dike-sections cannot fail, but may be
overtopped as soon as river levels exceed dikdsleve

Main differences between case study 1 and casyg &tace:

1. Case study 1 considers in total 11 potential bréachtions (Dr41L1 — Dr41L11), while
case study 2 considers in total 38 potential brdachtions (Dr41L1 — Dr41L38). The
first eleven potential breach locations in casedwtd (i.e. Dr41L1 — Dr41L11) are
identical with respect to location to the eleveneptial breach locations in case study 1.
With respect to strength parameters, 3 out of itisé éleven breach locations differ when
compared to case study 1 (Dr41L1, Dr41L2, Dr4108)e reason for this is a different
procedure followed in matching the breach locatitm¢he dike sections in the PCRing
database Furthermore, in case study 1, the model unceytainthe head difference for
heave (mh) was unintentionally taken as a consi@ne equal to 0.8. In case study 2, mh
is implemented as a lognormal distribution: LOGI8(0.08). Values for the strength
parameters are given in Appendix C.

2. In case study 2, the evaluation of the limit-statection of the piping failure mechanism
(see section 2.2.2) was refined, see Appendix Bognother parameters, in evaluating
the piping failure mechanism a river level and @gewéevel in the dike ring area (hereafter
called the dike ring water level) are needed. Réiggrthe river level and the dike ring
water level, following distinction can be made beéw case study 1 and case study 2 (see
also appendix B):

a. Evaluating possible piping failure induced by riveads

Both in case study 1 and 2, the river level comesis to the water level
(i.e. water depth above local surface level) justront of the potential breach
location. In case that there is no river water ditagnin front of a potential breach
location, the river level is equal to the localfaae level (i.e. water depth equals
zero). It is assumed that in case of possible gifailure induced by river loads,
river water is standing in front of the potentiakéch location. Hence, it is not
necessary to make use of the river level in thewater-bed channel (see also
section b. below).

In case study 2, the water level inside the dikg is the phreatic level at a
potential exit point for uplift and piping, e.g.etldike toe or the drainage ditch

" In case study 1, the breach locations were allocated to a dike section based on their distance towards
the dike section’s midpoint. In case study 2 the criterium was changed towards the breach loctation falling
in between a section’s begin and end point.
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behind the dike, if present. If the phreatic leiehot known, the surface level is
assumed instead. If the dike ring is flooded, wédeel inside the dike ring is
determined by SOBEK. In case study 1, the inforamatin phreatic levels was not
used, that means that without flooding of the dikg, the water level inside the
ring was always assumed as the surface level.her atords, the dike ring water
levels applied in evaluating possible piping falunduced by river loads in case
study 2, are usually below the ones applied in igdy 1. Therefore, piping
failures from the river towards the protected amey occur more often in case
study 2 than in case study 1, since the water |difédrence is larger, if the

phreatic level is known.
b. Evaluating possible piping failure induced by dikey loads:

Both in case study 1 and 2, the dike ring wateelléy the one calculated
in SOBEK. In case study 1, the river level corregfsto the water level just in
front of the potential breach (dike) location. lase study 2, the river level was
changed to the water level in the low-water-bednoled That is because, if the
river is constrained to the low-riverbed, using theface level at the river side
dike toe leads to underestimating the piping prnoblelence, also this aspect ma

lead to more piping failures in case study 2 compdo case study 1.
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6.2 Initial and boundary conditions

The same initial and boundary conditions were wsetbr case 1, see section 5.2. However, use
is made of a new SOBEK executable for case 2, inctwhmprovements regarding the
computation of overland flow were made. Therefalep a new Step 1 hydraulic database was
constructed for case study 2.

The discharges of the newly derived scenarios igtedl in Table 6.1. As for case 1, some
scenarios show large discharges (e.g. 223%4 am river Rhine and 5230°fm at river Meuse).
With respect to this, reference is made to the cenimas presented in section 5.2.

Table 6.1 Maximum discharges on river Rhine and $¢eDase Study 2
Scenario  Max. discharge’l® | Scenario Max. discharge’fa Scenario Max. discharge’ts
No. Rhine Meuse No. Rhine Meuse No. Rhine Meuse
Scen 1 8938 1437 | Scen 35 7441 1984 | Scen 69 9962 2131
Scen 2 16007 4028 | Scen 36 10562 2081 | Scen 70 6778 1366
Scen 3 11032 2453 | Scen 37 10643 2714 | Scen 71 9088 1406
Scen 4 10399 2301 | Scen 38 15294 3891 | Scen 72 17093 4032
Scen 5 8754 1359 | Scen 39 13197 3105 | Scen 73 9114 1583
Scen 6 10709 2105 | Scen 40 7565 1247 | Scen 74 | 16482 3848
Scen 7 14541 3452 | Scen 41 10588 2788 | Scen 75 10136 2126
Scen 8 11190 2262 | Scen 42 17651 3982 | Scen 76 16841 4105
Scen 9 16895 3606 | Scen 43 10480 2369 | Scen 77 19881 4565
Scen 10 14896 3136 | Scen 44 13487 2749 | Scen 78 10501 1621
Scen 11 10347 2355 | Scen 45| 16777 3955 | Scen 79 | 15771 3725
Scen 12 10838 2453 | Scen 46| 15138 3222 | Scen 80 | 16845 3942
Scen 13 19293 4333 | Scen 47 9955 2013 | Scen 81 20793 4301
Scen 14 22324 4990 | Scen 48 14794 2962 | Scen 82 | 14486 2794
Scen 15 17185 4436 | Scen 49 17770 4012 | Scen 83 16948 4352
Scen 16 7515 1722 | Scen 50 7019 1578 | Scen 84 11116 1973
Scen 17 10607 1739 | Scen 51 16448 3813 | Scen 85 7935 1679
Scen 18 18304 4712 | Scen 52 8592 1245 | Scen 86 8492 2072
Scen 19 9148 1715 | Scen 53 18342 4039 | Scen 87 8558 1431
Scen 20 7924 1147 | Scen 54 10536 1916 | Scen 88 15335 3659
Scen 21 14467 4218 | Scen 55 20793 4414 | Scen 89 17239 3715
Scen 22 12779 2690 | Scen 56 11627 2296 | Scen 90 9513 2392
Scen 23 18056 4275 | Scen 57 12459 2563 | Scen 91 14222 3770
Scen 24| 16346 3445 | Scen 58 14595 3000 | Scen 92 | 15462 3731
Scen 25 15162 3207 | Scen 59 17522 4131 | Scen 93 11389 2532
Scen 26| 10410 1771 | Scen 60| 10098 2545 | Scen 94 8011 2180
Scen 27| 13649 3173 | Scen 61 9055 1941 | Scen 95 | 19192 4536
Scen 28] 10044 2662 | Scen 62| 10929 3101 | Scen 96 | 21412 5230
Scen 29 11323 2499 | Scen 63 14639 3692 | Scen 97 14990 3995
Scen 30 10948 2595 | Scen 64 16984 3819 | Scen 98 12605 2449
Scen 31 17746 3898 | Scen 65 8364 1878 | Scen 99 | 15894 2621
Scen 32| 13129 2746 | Scen 66| 11190 2347 | Scen 100 | 8913 1906
Scen 33| 14722 3996 | Scen 67 7329 1401
Scen34 11773 | 2665 | Scen68 9857 | 2312
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6.3 Dikecharacteristics

Dike sections can fail at so-called potential brelcations only. Considered potential breach
locations are depicted in Figs 6.1a to 6.1c. Matited information on their location along river
Waal and Meuse is given in Table 6.2

Dike sections in the model can fail as a resulbatls exerted on its river side as well as on its
dike ring side, i.e. the dike is considered symioetr terms of failure mechanisms for sake of
simplicity. Data on the probability density funatm for the dike (resistance) parameters in the
model region were available from the FLORIS projadNK 2005). For more information on
strength parameters and their probability densitycfions at each potential breach location,
reference is made to Appendix C

As already mentioned, for all the other dike ringsthe system it is assumed that its
surrounding dikes cannot fail. However, these dit@s overflow as soon as river levels exceed
dike levels.

Table 6.2 Overview of considered potential brelachtions.

Dr41Lx is considered potential breach location namibr41Lx

e coding Dr41, means dike ring 41 (“Dijkring 41: lcaman Maas en Waal”)

e coding Lx, means potential breach location nuniber

Breach x-coord. y-coord.  Dike height River namel anlative

Location RDM RDM in metres position
Dr41lL1 183050 431050 14.95 Waal, kilometre 889 _4
Dr41L2 177850 432650 14.06 Waal, kilometre 895 _1
Dr41L3 170750 433850 13.20 Waal, kilometre 902_3
Dr41L4 165250 433250 12.80 Waal, kilometre 908_5
Dr41L5 158450 430350 11.75 Waal, kilometre 917_3
Dr41L6 184150 419050 12.83 Maas, kilometre 169_6
Dr4iL7 177750 421050 12.42 Maas, kilometre 177_2
Dr41L8 173050 425950 10.77 Maas, kilometre 184_8
Dr41L9 165450 427450 10.09 Maas, kilometre 192_3
Dr41L10 160850 425450 8.73 Maas, kilometre 199_3
Dr41L11 158050 425850 8.91 Maas, kilometre 203_7
Dr41L12 186150 429650 15.27 Waal, kilometre 885_5
Dr41L13 184650 430250 15.27 Waal, kilometre 887_3
Dr41L14 181550 431950 14.33 Waal, kilometre 891_2
Dr41L15 179650 432150 14.21 Waal, kilometre 893 _0
Dr41L16 176250 433250 13.82 Waal, kilometre 896_6
Dr41L17 174550 433750 13.69 Waal, kilometre 898 _5
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Dr41L18 172750 433450 13.55 Waal, kilometre 900_3
Dr41L19 169250 433950 13.16 Waal, kilometre 903_9
Dr41L20 167450 433550 12.94 Waal, kilometre 905_6
Dr41L21 163350 433150 12.58 Waal, kilometre 910_0
Dr41L22 161050 432650 12.49 Waal, kilometre 912_3
Dr41L23 159550 432150 12.24 Waal, kilometre 914_8
Dr41L24 157150 428250 11.54 Waal, kilometre 919_5
Dr41L25 187950 419250 13.36 Maas, kilometre 165_9
Dr41L26 185950 419550 12.85 Maas, kilometre 167_9
Dr41L27 181550 418750 12,51 Maas, kilometre 172_4
Dr41L.28 180250 420250 12.36 Maas, kilometre 174 6
Dr41L29 176850 422350 11.79 Maas, kilometre 179 4
Dr41L30 174850 423050 11.38 Maas, kilometre 181_1
Dr41L31 173650 424150 11.07 Maas, kilometre 183 1
Dr41L.32 171250 426350 10.55 Maas, kilometre 186_3
Dr41L33 169250 427050 10.13 Maas, kilometre 188_6
Dr41L34 167450 427750 10.68 Maas, kilometre 190_6
Dr41L35 165150 425750 8.95 Maas, kilometre 192_3
Dr41L36 163550 426850 9.46 Maas, kilometre 195 8
Dr41L37 161750 427250 8.95 Maas, kilometre 197_1
Dr41L.38 157350 426650 8.72 Maas, kilometre 204_3
Notes:

2. x andy coordinates according to Rijksdriehoeknge(RDM), the Dutch geographical coordinate system
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6.4 Threedifferent model configurations

Following distinction is made in model configurats
1. One SOBEK model configuration:

SBK_1: SOBEK model that only covers the river networki &ike ring 41 (see Fig 6.2)
2. Three different sets of potential breach locations.

The SOBEK model has a spatially uniform (2D) grédl size of 100m.

lssel ﬁ,L:"

Dike ring 40

N
Dike ring 39 05

N

§

Dike ring 36-a

Meuse

25.0km
—

Fig 6.2 The SBK_1 Model schematization

Refering to the SBK_1 Model schematization fromeC&tudy 1 asSet A, the following three
new sets of potential breach locations are used:

* Set B, comprising of in totaglevenpotential breach locations, being: Dr41L1 to
Dr41L11,

» Set C, comprising of in totalwenty-twopotential breach locations, being: Dr41L1 to
Dr41L11, Dr41L12, Dr41L14, Dr41L17, Dr41L19, Dr4122Dr411.24, Dr41L25,
Dr41L27, Dr41L30, Dr41L33 and Dr41L36,

» Set D, comprising of in totathirty-eight potential breach locations: being: Dr41L1 to
Dr41L38

For information on the potential breach locationdT).1 to Dr41L38, reference is made to
section 6.3.

Table 6.3 gives an overview of the different SOBEKdel configurations in Case Study 2.
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Table 6.3 Overview of the model configurationsirs€&tudy 2

Three different SOBEK model configuration appliaddase study 2

No Code Sobek Model Considered potential breach locations

1| SBK_1 & SetB| Dike ring 41 only Dr41l1to Dr41L11

2| SBK_1 & Set C| Dike ring 41 only Dr41L1 to Dr41L11, Dr41L12, Dr41L14, Dr41L17,
Dr41L19, Dr41L22, Dr41L24, Dr41L25, Dr41L.27,
Dr41L30, Dr41L33 and Dr41L36

3| SBK_1 & Set D| Dike ring 41 only Dr41l1 to Dr411L.38

6.5 Reaults

6.5.1 Step 1 results

In case study 2 use was made of a new SOBEK ex#euta which improvements regarding the
computation of overland flow were made. It wasrefere, decided to construct a new Step 1
hydraulic database for case study 2.

6.5.2 Step 2 results

The annual failure probability-For dikering 41 is equal to 0.02 [-/year] as athg&alculated
using PC-Ring in Case study 1.

6.5.3 Step 3 results

In step 3 Monte Carlo realizations were obtaineflecting system effects and using the water
levels determined in Step 1, in which at least dike section failed in the system.

This was realized by first deriving 100 fail scanarfor the set with 38 possible breach locations
(set D).

The scenarios for the sets with less breach lataticere defined as subsets of set D, by selecting
the corresponding locations that are to be evaluiatstep 4. Advantage is that the three sets (B
to D) will have the same hydraulic boundary comdis (from table 6.1). Disadvantage will be
that the resulting number of scenarios for set A [dcations) and set B (22 locations) are
substantially less than 100. Table 6.4 gives amvwiee of the number of scenarios per set.

Table 6.4 MC realisations, for different breachdlibon sets

Code
Nloc | Number of MC realizations | Number of failure scenarios Pf (48 hours)
[] [] [] [1/48hrs] []
SBK_1&SetB| 11 1384029 23 1.7 10% 4.2
SBK_1&SetC| 22 1384029 72 5210% 3.9
SBK_1&SetD| 38 1384029 100 7.210% 3.8

The Monte Carlo simulations make use of realizatifom discharges based on 48 hours statistics.
Hence the unit [1/48 hrs] as depicted in table 6.4.
With 100 scenarios for set C, the variation coéfit of the failure probability estimate is about:
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COV(R) = 1/sqgrt(100) = 10 %

That is sufficiently precise for the present pugos

When transforming the failure probabilities to aipe of 1 year, the change will roughly be in
the order of a factor 90 (1 year ~1 season ~186 €348 hrs). For set C, this would account
for an overalp equal to 2.5.

The full PCRing calculation for dike ring 41, wightotal of 80 sections (step2) leads to a
reliability indexp = 2. The difference (approximately a factor 3@mits of failure probability) is
explained mainly by the number of breach locatiang length effects accounted for in both
modellations.

6.5.4 Step 4 results

In Step 4, SOBEK computations with the SBK_1 maosete made for the Step 3 representative
scenarios per set.

For set B (11 locations) all 23 scenarios from fegso led to corresponding failures in step 4
for the SOBEK calculations.

For set C (22 locations) 4 scenarios out of thalid2not result in a failure scenario for step 4.
This concerned scenario numbers 1, 15, 70 and 81.

For set D (38 locations) 3 scenarios out of the Wede unsuccessful in reproducing failure in
step 4, namely scenarios 1, 59 and 70.

A closer look at these scenarios shows that thginodf failures being absent in step 4 lies in
crashed runs, rounded values for the river dis@srdifferent implementation of dike ring
phreatic water levels and a constant dike heiglstep 4 whereas in step 3 the dike height was
modelled as a stochastic parameter.

In Step 3, locations failed due to exerted hydratirer loads only. For Step 4, a distinction is
made between failures induced by river loads (raide) and by hydraulic loads exerted at the
dike ring side, that occur due to the flooding ikledring 41.

Due to the refined modelling for heave and pipihg humber of failures as a result of piping
increases when compared to case study 1. In Cagdg Bta total number of 17 breach locations
failed due to this mechanism within the 23 scersaniothe configuration with 11 locations (set
B). In Case study 1 the number of failure locatiol®e to heave and piping was equal to 19
(within 65 scenarios).

Tables 6.5a and 6.5b give the total number of feduer dike ring 41 breach location, which
occurred in the sets of corresponding scenariosAS&om Case Study 1, is also included in
these tables.

From Table 6.5a, one can see that for river loadsdbwnstream locations benefit from system
effects as, in the current simulations, failureakimns seem to cluster towards the upstream
locations. For (secondary) failures due to loadshat (flooded) dike ring side, a significant
number of failures is found for locations Dr41L1Dr41L11 (downstream locations at the
Meuse). In general, most (primary) failures ocduha river Rhine.

Going from Table 6.5a towards Table 6.5b, the nundbdreach locations first increases from
11 to 22 (set C, left side of the table). Locatlor1L12 is the most upstream location at the
Rhine. It shows a remarkable number of failureedpminantly due to ‘Heave&Piping’) and in
terms of system effects it shelters the downstriesations. Other added breach locations at the
Rhine behave comparable to the points from sete Hre lying next to. For the locations at the
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Meuse, the added location Dr41L.30 shows to be ptesea (relative) large number of failure
scenarios. In contrast to the new scenarios ofRhiae, however, it is not the most upstream
point. With respect to secondary failures, i.elufais due to loads exerted from within the dike
ring, there is hardly an increase in the numbesa#narios in which this takes place. This
indicates that compared to downstream failureb@fRhine, failures at Dr41L12 seem to be less
severe.

For set D, the right part in Table 6.5.b, new bhekrations are added. The new point at the
Meuse, Dr41L35, adds a significant number of rineuced failure scenarios, predominantly due
to ‘Overflow&Erosion’. Downstream at the Meuse, ignficant number of dike ring induced
failures are observed at location Dr41L38.

Table 6.5a Failures of dike ring 41, for scenaviith 11 breach locations
Grey marked cells indicate locations along Wadleowise locations along Meuse.

Set A (11 locations, 65 scenario’s) Set B (11 fioces, 23 scenario’s)
Location Without With Without With
system system system system
effects effects effects effects
(step 3) (step 4) (step 3) (step 4)
River side River side Dike ring| River side River side Dike ring
side side
'Dr41L1’ 34 27 0 14 12 0
'Dr41L.2' 32 17 0 13 8 0
'Dr41L3' 27 11 0 5 2 0
'Dr41L4' 19 4 0 4 0 0
'Dr41L5' 28 10 0 8 2 0
'Dr41L6' 13 11 0 4 3 0
'Dr4lL7 1 0 0 0 0 0
'Dr41L8' 11 2 0 3 1 0
'Dr41L9' 1 2 0 2 2 0
'Dr41L10' 3 0 53 0 0 16
'Dr41L11' 1 1 44 0 0 14




Table 6.5b
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Failures of dike ring 41, for scenanidth 22 (set C) and 38 (Set D) breach
locations. Grey marked cells indicate locationsiglaVaal, otherwise locations along Meuse.

Set C (22 locations, 68 scenario’s)

Set D (38 locations, 97 scenario’s)

Location Without With Without With
system system system system
effects effects effects effects
(step3) (step 4) (step 3) (step4)
River side River side Dike ring| River side River side Dike ring
side side
'Dr41L1' 14 9 0 14 9 0
'Dr41L2' 13 6 0 13 6 0
'Dr41L3' 5 1 0 5 1 0
'Dr41L4' 4 0 0 4 0 0
'Dr41L5' 8 0 0 8 0 0
'Dr41L6' 4 1 0 4 1 0
'Dr4lL7 0 0 0 0 0 0
'Dr41L8' 3 1 0 3 0 0
'Dr41L9' 2 0 0 2 0 0
'Dr41L10' 0 0 14 0 0 16
'Dr41L11' 0 0 14 0 0 12
'Dr41L12' 44 38 0 44 39 0
'Dr41L13' 7 2 0
'Dr41L14' 14 10 0 14 10 0
'Dr41L15' 6 0 0
'Dr41L16' 5 2 0
'Dr41L17' 3 0 0 3 0 0
'Dr411.18' 4 0 0
'Dr41L19' 5 1 0 5 1 0
'Dr41L.20' 6 1 0
'Dr41L21' 7 2 0
'Dr41L22' 4 0 0 4 0 0
'Dr41L.23' 5 0 0
'Dr41L24' 7 1 0 7 2 0
'Dr41L.25' 3 0 0 3 0 0
'Dr41L.26' 7 6 0
'Dr41L27 3 2 0 3 0 0
'Dr411.28' 8 5 0
'Dr41L.29' 2 0 0
'Dr41L.30' 8 6 0 8 3 0
'Dr411.31" 2 0 0
'Dr41L.32' 3 2 0
'Dr41L.33' 4 3 0 4 3 0
'Dr411.34' 0 0 0
'Dr41L.35' 31 27 1
'Dr41L.36' 1 3 1 1 2 3
'Dr41L.37 6 0 9
'Dr411.38' 0 0 15
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When categorizing the failure scenarios with respeéilure locations (river Waal or river
Meuse) and failure loads (from river or dike rinigg following combinations are realized:

River induced failure along th&Vaalonly

River induced failure along théVleuseonly

River induced failure along th&Vaal and Meuse

River induced failure along théNVaal followed bydike ring induced failure along the
Meuse

River induced failure along theNaal and Meuséollowed bydike ring induced failure
along theMeuse

PR

o

Other combinations are (theoretically) possiblewete not observed within the sets. The
scenarios categorized as above are listed in ablalong with the mean peak discharges per
river in each category (note: river Waal is a ttédvy of river Rhine). As was seen in the previous
tables, there is a significant increase of riveraWaduced failures (cat. 1) when going from set B
to set C. Next, from set C to set D, there is @ngase in river Meuse induced failures (cat. 2. as
well as dike ring induced failures in cat. 5).

Table 6.6 Classification of scenarios with respedtilure locations, induced by loads
exerted at river side or loads exerted at the diigside

Set A B C D
Number of potential breach locations 11 11 22 38
Total number of scenarios with failures 65 23 68 97
Mean QeaxRhine (n/s) (17711)| (15252)| (12431)| (13122)
Mean QeaxMeuse (ns) (3918)| (3367)| (2667)| (2923)
1. River induced failure along th&Vaalonly 6 4 43 41

(11250)| (9349)| (10490)| (10164)
(2217)| (1861)| (2147)| (2070)

2. River induced failure along théMleuseonly 2 0 4 28
(17850) (-) | (14596)| (14846)

(4400) (-) | (3646)| (3642)

3. River induced failure along th&Vaal and Meuse 0 0 1 2
) (-) | (8913)| (10846)

() ()| (1906)| (2298)

4. River induced failure along théVaalfollowed by 44 13 14 15
dikering induced failure along théMleuse (17542)| (14660)| (14575)| (14100)
(3835)| (3216)| (3179)| (2950)

5. River induced failure along th&Vaal and Meuse 13 6 6 11

followed by dikering induced failure along theMeuse | (21185)| (20470)| (20482)| (18844)
(4892)| (4697)| (4678)| (4347)

An evaluation of the dike ring induced failuresraddhe river Meuse shows that they were all
due to 'Overflow and Erosion’, i.e. no dike ringlirced failure due to 'Heave and Piping’ was
observed.
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6.5.5 Step 5 results

The computational framework determines flood riskag the HIS-SMM Damage and Victims
module and the hydraulic output computed in theiptes step. Flood consequence (both
expected damage and expected number of casudliesine available as:
* A flood risk mapwith spatial discretization equal to the SOBEKdgrell size (i.e. 100 m
in the present case study), and
» Tablesof aggregated flood consequence per dike ring area

The flood consequence (i.e. damage and victims3doh set of scenarios are given in Table 6.7.

Table 6.7 Flood consequences for each set of Sosnar
Victims [-] Damage [€]
Mean St.Dev Mean St.Dev

Set A (11 loc.) 792 436 6.2x10 2.2x10
65 scenarios

Set B (11 loc.) 544 326 5.3x10 2.6x10
23 scenarios

Set C (22 loc.) 248 263 2.7x10 2.5x10
68 scenarios

Set D (38 loc.) 211 241 2.4x10 2.3x10
97 scenarios

It can be seen that there is a remarkable dropeginnvalues for Victims as well as Damage when
going from 11 to 22 locations and next to 38 lamadi Also the shape of the histograms for these
quantities shows a change when the locations areased, see figure 6.4 and figure 6.5.

The origin of these changes can be found whendhserjuences are categorized according to the
scenario classifications in Table 6.6. Doing sadieto the mean consequence values as listed in
Table 6.8 and Table 6.9. It can be seen that, goamg 11 to 22 locations, a substantial number
of scenarios arises with relative low mean valweshe consequences, namely the 43 scenarios
in cat. 1. These are mainly due to failures attiooaDr41L12, as already noted in Table 6.5b.
The reason why the flood consequence for theseesasios is relatively low is twofold. Firstly,
flood consequence is low since the realizatiorthermean of the river peak discharge for these
43 scenarios is relatively low (see Table 6.6).08dty, the presence of elevated embankments
along the Meuse-Waal canal, that act as an compatatizing dike separating dike ring 41 in

two parts. These elevated embankments are locatadlg downstream of potential breach
location Dr41L12 and prevent inflowing Waal waterfliood a large area in dike ring 41. Of
course this reduces the flood consequence of besaatocation Dr41L12. Figure 6.3 shows a
typical flow pattern resulting from a failure athtion Dr41L12.
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Figure 6.3. Failure of upstream Dr41L12, resuliimgeduced hydraulic loads at downstream
located potential breach locations

A further reduction for the mean values is obtainéen going form 22 to 38 locations. Now a
relatively large set of river induced failuresa¢ Meuse is added with relatively low
consequence values (28 scenarios of cat. 2.). loocBr41L35 seems to be involved in most of
these scenarios, see Table 6.5b. The reason wimyaae flood consequences reduce further,
going from 22 to 38 locations (or from 68 to 97rsm@0s) is again twofold. Firstly, a number of
scenarios are added with predominant breachingtanhpal Meuse breach locations (see Table
6.5b), whose associated Meuse peak dischargesveee than those associated with the less
frequently occurring breaching at potential Waadwh locations. It is obvious that relatively
lower peak discharges (weighted average of WaaMmgse discharges), that effectively flow
into dike ring 41 results in a lower flood consegee Secondly, the surface level in dike ring 41
is sloping from North to South and from East to Wé&his implies that river water flowing into
dike ring 41 at upstream Waal locations (excepDigtlL12) and at upstream Meuse locations
(except for Dr41L25) in general flows over a lapget of dike ring 41 before reaching the lowest
part in front of locations Dr41L10, Dr41L11 and 485 to Dr41L38. It is obvious that

flooding a larger part of dike ring 41 refers ttaeger associated flood consequence. In going
from 22 to 38 locations, breaching at location Ix33 occurs 31 times. Apparently, this location
appears to be a weak spot in the Meuse dike alixegitig 41. Location Dr41L35 is located in
the middle of dike ring 41 (see figure 4). For gaée of explanation, assume that breaching only
occurs at Dr41L35. This means that only a relayigehall part of dike ring 41 will be flooded,
meaning a very small flood consequence only. Timallsflood consequence apparently reduces
the mean of the flood consequence over the in &talcenarios.
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Figure 6.4: Histograms of damage and victims iredikg 41 for scenario set A (Case 1).
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Table 6.8 Mean values of victims [-] for subsetsoénarios with respect to failure
locations, induced by loads exerted at river sideads exerted at the dike ring side

Set A B C D
Number of potential breach locations 11 11 22 38
All scenarios with failures 792.0| 544.0| 248.4| 211.2
(Number of scenarios) (65) (23) (68) (97)
1. River induced failure along th&Vaalonly (Number 176.2 50.0 99.8 83.3
of scenarios) (6) (4) (43) (42)
2. River induced failure along théVleuseonly (Number 304.5 -| 210.3 91.3
of scenarios) (2) (0) (4) (28)
3. River induced failure along th&Vaal and Meuse - - 10.0 96.5
(Number of scenarios) (0) (0) (1) (2)
4. River induced failure along théVaalfollowed by 851.4| 5495 529.8| 451.7
dikering induced failure along thévleuse(Number of (44) (13) (14) (15)
scenarios)

5. River induced failure along th&Vaal and Meuse 943.8| 861.5| 722.3] 686.1
followed bydikeringinduced failure along théMeuse (13) (6) (6) (12)
(Number of scenarios)

Table 6.9 Mean values of damage [€] for subsetseharios with respect to failure
locations, induced by loads exerted at river sideads exerted at the dike ring side

Set A B C D
Number of potential breach locations 11 11 22 38
All scenarios with failures 6.2x10 | 5.3x10| 2.7x10| 2.4x10
(Number of scenarios) (65) (23) (68) (97)
1. River induced failure along thaVaalonly 24x10 | 0.7x10| 1.4x10| 1.2x10
(Number of scenarios) (6) (4) (43) (41)
2. River induced failure along théMeuseonly 3.3x10 -] 2.4x10| 1.2x10
(Number of scenarios) (2) (0) (4) (28)
3. River induced failure along théVaal and - -| 0.24xa0| 1.3x10
Meuse(Number of scenarios) (0) (0) (1) (2)
4. River induced failure along thaVaalfollowed | 6.2x10 | 5.5x10 | 5.3x10 | 4.7x10
by dikering induced failure along théMeuse (44) (13) (14) (15)
(Number of scenarios)

5. River induced failure along th&Vaal and 8.4x10 | 7.9x10| 7.1x10| 6.9x10
Meusefollowed bydike ring induced failure (13) (6) (6) (12)

along theMeuse
(Number of scenarios)
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6.5.6 Step 6 results

Finally, the annual flood risk is determined in thmensions of direct economical damage and
human casualties. This (annual) flood risk is deteed from the conditional consequences
(given failure) multiplied by the failure probalbyli

As Crude Monte Carlo was used, the conditional equnencde(C|F) is simply estimated by its
mean value, based on the consequence values iovestigated scenarios with failure.
These conditional consequences then corresporme tméan values presented in Table 6.7.

As calculated with PC-Ring, the probability of tai equals 2.0 1d[1/year]. Combining this
probability of failure with the values in Table 8eads to the annual flood risk values presented
in Table 6.10.

Taking the set D results as most elaborate, it shtbat the expected damage= E[C] = 0.48
10 € per year for dike ring 41. The expected numbbetaims is equal to 4.2 per year.

Table 6.10 Estimated annual flood risk for Dikegri41

Victims (1/Yr) Damage (€/Yr)
Set A (11 loc.) 15.8 1.24 x19
65 scenarios
Set B (11 loc.) 10.9 1.06 x10
23 scenarios
Set C (22 loc.) 5.0 0.54 x18
68 scenarios
Set D (38 loc.) 4.2 0.48 x18
97 scenarios

With reference to Table 6.8 and 6.9, the followaigervations are made. Starting from set B, the
results tend to increase when going to the restiégt A for which more scenarios were taken
into account. A large number of Waal breach locetiwith relatively high discharge values are
at the origin of this, see Figure 5.3 for an iltatibn of a flow pattern. However, when the
number of locations is increased as for set C ah@®sthe results decrease significantly For set
C this effect is mainly due to a large number ddtegam breach locations at the Waal with lower
discharge values (see Table 6.6) and with flowegpast (breaching at location Dr41L12) as
shown in Figure 6.3. Set D adds a number of scesarith predominantly breaching at potential
Meuse breach locations (see Table 6.5), whose iassodischarges are lower than those
associated with the breaching at potential Waadiréocations.

The results show a significant influence in the bem(and especially location) of potential
breach locations as well as the magnitude of tis¢re@m river discharges associated with the
scenarios considered. Proper care is thus to lemgivselecting the set of potential breach
locations as well as scenarios such that theyegmesentative for the modelled geographical
area.
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6.6 Conclusions Case 2

In case study 2, variations with an increasing nemab dike breach locations were performed.
In general, case study 2 confirms the system behawspects found in case 1 and as such the
conclusions from case 1 (section 5.6) also holatése 2.

It was also demonstrated that the effects thagéugraphical properties of the area considered
have on flood risk can be accounted for by the adatpnal framework. Properties such as
the sloping of dike ring 41 and the presence of Meise-Waal canal, acting as a kind of
compartmentalizing dike.

The results for the increasing number of breaclatlons show a significant change in the
calculated estimations for the consequences ancelfenthe annual risk.

It can be concluded that a number of 11 locatioas not representative for dike ring 41 (an
assumption made in case study 1).

The current results for 22 locations and 38 locatishow that they are governed by only a
few breach locations. This might suggest that thrikations with 38 locations suffice in order
to get a good estimate for the risks. On the olfard, it also shows the sensitivity of the
results in (weak) locations being accounted fonatr So, possible locations not yet taken into
account could again change the risk estimations.

It shows that proper care has to be taken in seethe set of breach locations such that it is
representative for the system investigated.
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7 Outlook
7.1 General remarks

There is a long history of risk analysis as a bésisestablishing the dike dimensions in the
Netherlands. The Delta Law (1957) was based orsstal analysis of local water levels and a
rough estimate of the economic optimal design vdlirecertainty at the resistance side was not
taken explicitly into account and every dike seattieas considered as a single entity. Research in
later decades was focused on the missing issuegadéys software is available to calculate the
failure probability of a dike ring.

In order to calculate the risk it was soon realifeat one could not simply multiply the failure
probability with "the" damage as consequences d&parthe amount and type of failures as well
as on the water levels and the time of collapse. that reason the scenario approach was
developed. This approach, however, was difficitihet consuming and sometimes doubtful. A
careful interpretation of the results was alwaysessary to prevent misleading results. Clearly
there was a need for another method.

Another shortcoming of the approach above is timy dike rings are considered individually.
The failure occurring in one dike ring, howevergdmot only affect other sections of the same
ring, but also of other dike rings. It may be infaott to take this into account.

The approach presented in this report is able &w#h both issues. The approach is possible by
the increasing speed of computers and will evermioee applicable in future. The present
examples are relatively simple as they have mazeniture of clarifying the procedures than as
an analysis ready to show a practical applicatieor. sure, however, this will be one of the
further steps.

This means that research in the next period sHoulgs on issues like:

dealing consistently with length effects

treating dike mechanisms when loading is (alsolhennner slopes
improving efficiency using Importance Sampling nueth
calculating realistic sets of dike rings

making links to optimal dike improvement strategies

YVVVVYVYY

It is not foreseen that in short time the methad loa the only tool necessary for flood protection
calculations. The present analysis will probabiyae on a high level without too many details.
Classical procedures will be needed to fill up éhgaps.

Apart from the general items for the next perioscdssed above, a number of specific items are
discussed in the following paragraphs.

7.2 Failure mechanism, considering the variation of water levelsin time
At present in Step 2 of the computational framewdske section 4.4 and 4.5), failure

mechanisms are among others evaluated on badige ofidximum water level, that occurs at the
potential breach locations. Hence, the variatiorwater levels in time is not considered. For
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some failure mechanisms (e.g. pipiredvanced formulations are available, that consiller
variation of water levels in time. The time depantdeariation of water levels at potential breach
locations can be made available in the Step 1 lwjidrdatabase. In future, it is considered to use
these advanced failure mechanism descriptionsep Sof the computational framework.

7.3 Residual strength

As mentioned in section 2.3.2 residual strength masconsidered in the present (DC2) research
project. The reason, here fore, is the lack of adegjformulations that describe the remaining
strength of flood protection works after the oceage of a specific failure mechanism..
Hereunder, reflections regarding residual strelagéhgiven, that might be implemented in future
enhancements of the computational framework.

Due to the occurrence of a specific failure mectranilocally the height of a dike might be
lowered but not be overtopped (see Fig 6.1). Hemthough a geo-technical dike failure
occurred, from a hydraulic point-of-view the dikélwot fail. In other words after failure, the
residual strength of the dike is sufficient to pitthe area behind this dike against flooding. The
occurrence of a particular failure mechanism aiterlpoint-in-time or a water level higher than
the actual dike height, might result in the hydiatdilure of the dike (see Fig 6.1).

Initial dike height (z,)

sz_failure mech (i)

dz_failure mech (j)

%miml ( OF Ugyeqt > uclilic;ﬂl:l
.

Local surface level _|

— Dike height(z) Breach growth process

= Riverlevel (h) 18t ste|{| 2nd step

failure mech (i) occurs failure mech (j) occurs ‘

Figure 6.1 Possible future incorporation of resadistrength

7.4 Breaching

As mentioned in section 2.3.2, irrespective ofitheating failure mechanism the same breaching
formulation was applied. Furthermore, breaching maslelled as a 1D branch, connected to 2D
grid cells, respectively located at the river smled at the dike ring side of the concerning
potential breach location (see section 2.1). Hateuyrreflections regarding breaching are given,
that might be implemented in future enhancementee@tomputational framework.
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It is considered to replace the 1D-branch-breachimgroach by 2D dike grid cells, having the
functionality that only a part of their dike heightlowered. In other words that such 2D grid cell
is not lowered over its entire area. This wouldd@ahe implementation of breach formulations
as used in the present study.

It is considered that hydraulic failure and relatediation of breaching might be enabled as
follows:

a. A dike is only overtopped (i.e. no erosion of dikterial). This possibility is already
implemented in the present study

b. A dike is overtopped and dike material is erodedayawSo breaching is initiated.
Question: Which formulation is most suited to désethe breaching process?

c. Due to a particular failure mechanism a large phthe dike-section collapses, meaning
that more or less instantaneously an initial breaoturs. Questions: How large is such
instantaneously initial dike-breach?, What is itagge of such initial dike-breach?, Which
formulation is most suited to describe the breacdtgss?
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Appendix A
General Implementation of Failure Mechanisms With Time Dependence

Time effects in failure processes have not beenettexti explicitly in this project. The following
general description makes a suggestion for modgtime aspects as well as residual strength
explicitly in the probabilistic calculation scheme.

General Formulations of the Simplified Failure M echanisms

Wherever possible we aggregate the uncertaintieshef important design parameters in
expressions containing (critical) river heads,icaittime durations or other generic uncertainty
term like the following:

h(t)2|'|crit N (t'tO)ZTcrit n re(Pf):]- (1)

where:

h(t) = time dependent river head level

heit = some critical head level, associated with thelraaism (initial failure);

Hciit = is either a deterministic quantity, or the reatiion of a random variable,

t = actual time,

to = time point where h(t) initially exceeds

Teit = some critical time interval, which may be eittagterministic or the realization of a
random variable, and

re(Py) = some random experiment with possible outcomasQland probability Pr[RE(R=1]=F

The random experiment criterion may be helpful pecfy the effects of components to the
probability of failure, which do not (evidently)lage to river head level or duration of discharge
wave, e.g. residual strength. Values or randomaataristics oHcit , Terit andPy are mechanism
type and location specific and should be estimaedordingly, preferably with help of
probabilistic failure analysis.

The mechanisms for which the described approacioisapplicable, be it due to the desired
models to be used, can be described with a respunésce type technique, analogously to the
implementation of the slope stability failure megisan (see 2.2.4), by interpolation in time and
parameter space. In this case prior reliabilityultssof flood wave scenarios are used to form an
expression for an equivalent limit state function:

#variables _
Z=phoy+ Y a (h,At)M 2)
i=1 i
where:
Bh.A) = calculated reliability index
aih, 4t) = calculated influence factor for random variale
Xi= realization of random variablg X
M= mean value of the random variable X

g = standard deviation of the random variable X
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The reliability analysis has to be carried out ipréori determined significant ranges of river
headsh and critical head exceedance duratidihdor each potential dike breach location. The
results can be stored in a table of the followioigrf:

Table A.1: Interpolation table scheme for equivalesF

h* < h; hy<h*<h,
4 < Ay [Bo1,01 9 01,01’ [B12,010 12,01
A <A < Aty | [Bori2 0119 [Bi2120" 1219

Alternatively, to pre-defining these limit valueseocould carry out the reliability analyses for the
same discrete values and interpolatefilaamd contingently tha-values.

The previous reliability analyses can be carrietl with a relatively high number of random
variables, e.g. soil properties. The obtained grilee factors can be used to reduce the simplified
equivalent limit state function and the accordialglé to the significant variables
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Appendix B
Implementation of heave and piping in the hydrodynamic simulations

The figures on the following pages illustrate thelementation of the heave/piping mechanism
in the hydrodynamic simulation, i.e. the decisioitecia during a simulation run for whether a
dike breaches as a consequence of heave/pipingobr For each possible situation, the
calculation water levels upstream and downstreath vespect to the mechanism are defined.
The main distinctions between the situations aftw@ded / not flooded protected area and a
flooded respectively “dry” foreshore or winter bed.

In summary, th®©ECISION RULES are:
1. The river side water level h is always taken eqoahe river water level being the local
surface level on the river or its summer bed’s lleve
2. The dike ring water level is taken as the:
o ditch level (local phreatic surface level), if kno\{from PC-Ring database) and
dike ring is not inundated
o local surface level (at the toe of the dike), ttHilevel unknown and dike ring is
not inundated
o inundation level, if dike ring is inundated

DIFFERENCES case study 2 with respect to case study 1:

1. River-induced failureln case study 1, the local surface level on ike dng side was
adopted for h_hinter regardless the availabilitgib¢h level information. Consequently,
at locations, where there is a ditch level avadatite expected value of h_hinter will be
lower in case study 2, leading to a higher wateelldifference. Therefore, the
expectation is to obtain higher piping probabistfer river-induced failure in case study
2.

2. Dike ring-induced failureln case study 1, the local surface level on iher iside was
adopted for h, in case, the river was restricteitsteummer bed. Consequently, for
situations that fulfil the latter condition, thepected value of h will be lower in case
study 2 (being the river water level), leading toigher water level difference. Therefore,
the expectation is to obtain higher piping prolabg for dike ring-induced failure in
case study 2.

REMAINING I SSUES with respect to current physical insights:
* Piping induced from the dike ring side (towards filver side) is unlikely to occur with
and intact (low permeable) cover layer on the dikg side, i.e. it is practically
impossible that heave occurs and therefore no élowd occur and induce piping.

REMARK

The above considerations have the underlying assomighat the piping formula is used to
calculate a critical head differenf&.i; , which is then compared to the absolute valubef
difference of water levels: ABS(h-h_hinter), acctog also for eventual model factors.
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Appendix C
Stochastic properties of parametersused in case study for dijkring4l

This appendix describes the parameter values gidremeters involved in the failure
mechanisms of the case studies. The parametersvailaayiven per dike breach location.

The values presented are used in case study 2téct@gplin case study 1, different values were
used for locations Dr41L1, Dr41L2 and Dr41L6, doatdifferent procedure followed in
matching the breach locations to dike sections fileenPCRing data base. Furthermore, in case
study 1 the model uncertainty in the head diffeegioc heave (mh) was unintentionally taken as
a constant value equal to 0.8.

A number of parameters are taken to be constanalaondo be the same for all locations. For
some parameters this is based on physical groenglsgamma_w). For others this is done for
pragmatic reasons in order to make the case stagerational despite the lack of reliable data
(e.g. breach parameters). These constant valued fiike breach locations are presented in
Table C.1.

Table C.1 Parameters with constant values duhagtesent (case) study

Name description value
Nu kinematic viscosity 1.33E-06
Te exceedance duration (overflow) 100
gamma_w volumetric weight of water 10
BO constant breach width (breach growth) 10
f1 factor f1 (breach growth) 1.3
f2 factor f2 (breach growth) 0.04
TO time period (breach growth) 0.1
Uc critical flow-velocity (breach growth) 0.2
v1 Velocity of dike height reduction piping) 0.2
Tp First time period (piping) 3

The remaining stochastic properties for the dileabh locations are presented from Table C.2
onwards.

The cell labelled as ‘Vaknummer’ refers to the dskgment ID in the 'inwinspreadsheet’ for
dijkring 41 as well as to the corresponding ID enatcess database (PC-Ring data base) for the
dijkring.

The values shown in the tables originate from daiabase. Except for the standard deviation
related to the dike height. This value is incredsech 0.1 m (in the original database) to a value
of 0.2 m in the current study. Again, this is démepractical reasons in order to force more MC
samples leading to failure w.r.t. overflow.
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Table C.2 Stochastic properties

LocatielD

Dr41L1

X Y z WaterstandID|zmin Vaknummer
183050 431050 14.95|Dr41L1 River|9.35 1410006011
name Description type |mean stdev xle rho X
k z specific permeability LOG |5.79E-04 4.63E-04 600 0
mh model uncertainty head difference for heave LOG |0.8 0.08 999999 1
mp model uncertainty Sellmeijer LOG |1 0.08 999999 1
mO model uncertainty critical head difference for heave LOG [1.2 0.12 999999 1
gamma_g volumetric weight of the grains NOR |27 1.35 300 0
gamma_sat  |saturated volumetric weight of the impermeable top layer|NOR [17.68 0.384 300 0
eta White constant (sleepkrachtfactor) LOG |0.3 0.045 999999 1
d 70 70th percentile of the grain distribution (sieve curve) LOG |4.30E-04 6.45E-05 180 0
h_hinterDefaulthydraulic head hinterland NOR |8.75 0.26 999999 1
K roughness coefficient by Strickler (inner slope) LOG |0.015 0.00375 300 0.5
theta rolling resistance angle LOG /43 3 600 0
me model uncertainty erosion inner slope LOG |1 0.5 1500 0.4
|_piping piping length LOG |81.02 6.72466 200 0
tanalphai inner slope angle NOR |0.329943503 |0.049491525|150 0
d_aquifer aquifer thickness LOG |50 7.5 200 0
d_topLayer impermeable top layer thickness LOG 2.1 0.6552 200 0

h d dike height NOR [14.95 0.2 300 0
cg grass quality coefficient DET 1000000 - - -
LocatielD

Dr41l.2

X y z WaterstandID|zmin vaknummer
177850 432650 14.06|Dr41L2_River|9.6 1410006015
name description type |mean stdev xle rho_x|
k z specific permeability LOG |5.79E-04 4.63E-04 600 0
mh model uncertainty head difference for heave LOG |0.8 0.08 999999 1
mp model uncertainty Sellmeijer LOG |1 0.08 999999 1
m0 model uncertainty critical head difference for heave LOG |1.2 0.12 999999 1
gamma_g volumetric weight of the grains NOR |27 1.35 300 0
gamma_sat  |saturated volumetric weight of the impermeable top layer|NOR |18.36 0.418 300 0
eta White constant (sleepkrachtfactor) LOG [0.3 0.045 999999 1
d_70 70th percentile of the grain distribution (sieve curve) LOG |4.30E-04 6.45E-05 180 0
h_hinterDefaulthydraulic head hinterland NOR |8.21 0.49 999999 1
K roughness coefficient by Strickler (inner slope) LOG |0.015 0.00375 300 0.5
theta rolling resistance angle LOG /43 3 600 0
me model uncertainty erosion inner slope LOG |1 0.5 1500 0.4
|_piping piping length LOG |80.59 7.81723 200 0
tanalphai inner slope angle NOR ]0.249501992 |0.037425299|150 0
d_aquifer aquifer thickness LOG |50 7.5 200 0
d_topLayer impermeable top layer thickness LOG |0.69 0.4209 200 0
h d dike height NOR [14.06 0.2 300 0
cg grass quality coefficient DET |1000000 - - -
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LocatielD

Dr41l.3

X y z WaterstandID|zmin vaknummer
170750 433850 13.2 |Dr41L3 River7.96 1410006026
name description type |mean stdev xle rho X
k z specific permeability LOG|5.79E-04 4.63E-04 600 0
mh model uncertainty head difference for heave LOG|0.8 0.08 999999 1
mp model uncertainty Sellmeijer LOG|1 0.08 999999 1
m0 model uncertainty critical head difference for heave LOG|1.2 0.12 999999 1
gamma g volumetric weight of the grains NOR|27 1.35 300 0
gamma_sat  |saturated volumetric weight of the impermeable top layer|lNOR|17.86 0.393 300 0
eta White constant (sleepkrachtfactor) LOG|0.3 0.045 999999 1
d_70 70th percentile of the grain distribution (sieve curve) LOG|5.11E-04 7.66E-05 180 0
h_hinterDefaultlhydraulic head hinterland NOR|7.48 0.31 999999 1
K roughness coefficient by Strickler (inner slope) LOG|0.015 0.00375 300 0.5
theta rolling resistance angle LOG 43 3 600 0
me model uncertainty erosion inner slope LOG|1 0.5 1500 0.4
|_piping piping length LOG|77.13 5.24484 200 0
tanalphai inner slope angle NOR|0.415011038 |0.062251656(150 0
d_aquifer aquifer thickness LOG |40 12 200 0
d_topLayer impermeable top layer thickness LOG|3.96 1.67112 200 0
h d dike height NOR|13.2 0.2 300 0
cg grass quality coefficient DET [1000000 - - -
LocatielD

Dr41L4

X y z WaterstandID|zmin vaknummer
165250 433250 12.8 |Dr41L4 River6.49 1410006034
name description type |mean stdev xle rho X
k z specific permeability LOG|5.79E-04 4.63E-04 600 0
mh model uncertainty head difference for heave LOG|0.8 0.08 999999 1
mp model uncertainty Sellmeijer LOGI1 0.08 999999 1
mO0 model uncertainty critical head difference for heave LOG|1.2 0.12 999999 1
gamma_g volumetric weight of the grains NOR|27 1.35 300 0
gamma_sat  |saturated volumetric weight of the impermeable top layer|lNOR|16.97 0.3485 300 0
eta White constant (sleepkrachtfactor) LOG|0.3 0.045 999999 1

d 70 70th percentile of the grain distribution (sieve curve) LOG|5.11E-04 7.66E-05 180 0
h_hinterDefaulthydraulic head hinterland NOR|6.13 0.21 999999 1
K roughness coefficient by Strickler (inner slope) LOG|0.015 0.00375 300 0.5
theta rolling resistance angle LOG|43 3 600 0
me model uncertainty erosion inner slope LOG|1 0.5 1500 0.4
|_piping piping length LOG|87.36 3.14496 200 0
tanalphai inner slope angle NOR|0.392771084 |0.058915663(150 0
d_aquifer aquifer thickness LOG|40 12 200 0
d_topLayer impermeable top layer thickness LOG|5.07 0.55263 200 0
h d dike height NOR|12.8 0.2 300 0
cg grass quality coefficient DET [1000000 - - -
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LocatielD

Dr41L5

X y z WaterstandID|zmin vaknummer
158450 430350 11.75|Dr41L5_River|6.88 1410006042
name description type |mean stdev xle rho_x
k z specific permeability LOG |5.79E-04 4.63E-04 600 0
mh model uncertainty head difference for heave LOG |0.8 0.08 999999 1
mp model uncertainty Sellmeijer LOG |1 0.08 999999 1
m0 model uncertainty critical head difference for heave LOG |1.2 0.12 999999 1
gamma_g volumetric weight of the grains NOR |27 1.35 300 0
gamma_sat  |saturated volumetric weight of the impermeable top layer|NOR |17.48 0.374 300 0
eta White constant (sleepkrachtfactor) LOG [0.3 0.045 999999 1
d_70 70th percentile of the grain distribution (sieve curve) LOG |5.11E-04 7.66E-05 180 0
h_hinterDefaulthydraulic head hinterland NOR |5.56 0.33 999999 1
K roughness coefficient by Strickler (inner slope) LOG |0.015 0.00375 300 0.5
theta rolling resistance angle LOG /43 3 600 0
me model uncertainty erosion inner slope LOG |1 0.5 1500 0.4
|_piping piping length LOG [84.54 4.81878 200 0
tanalphai inner slope angle NOR ]0.375395431 |0.056309315|150 0
d_aquifer aquifer thickness LOG |40 12 200 0
d_topLayer impermeable top layer thickness LOG |3.95 1.501 200 0

h d dike height NOR [11.75 0.2 300 0
cg grass quality coefficient DET |1000000 - - -
LocatielD

Dr41L6

X y z WaterstandID|zmin vaknummer
184150 419050 12.83|Dr41L6_River|9.73 1410006048
name description type |mean stdev xle rho_x
k z specific permeability LOG |5.79E-04 4.63E-04 600 0
mh model uncertainty head difference for heave LOG |0.8 0.08 999999 1
mp model uncertainty Sellmeijer LOG 1 0.08 999999 1
mO model uncertainty critical head difference for heave LOG [1.2 0.12 999999 1
gamma_g volumetric weight of the grains NOR |27 1.35 300 0
gamma_sat  |saturated volumetric weight of the impermeable top layer|NOR |17.33 0.3665 300 0
eta White constant (sleepkrachtfactor) LOG 0.3 0.045 999999 1
d_70 70th percentile of the grain distribution (sieve curve) LOG [3.71E-04 5.57E-05 180 0
h_hinterDefaultlhydraulic head hinterland NOR |9.5 0.41 999999 1
K roughness coefficient by Strickler (inner slope) LOG |0.015 0.00375 300 0.5
theta rolling resistance angle LOG 143 3 600 0
me model uncertainty erosion inner slope LOG |1 0.5 1500 0.4
|_piping piping length LOG [83.4 17.2638 200 0
tanalphai inner slope angle NOR |0.32987013 |0.049480519|150 0
d_aquifer aquifer thickness LOG |14.6 1.2848 200 0
d_topLayer impermeable top layer thickness LOG [4.27 1.92577 200 0
h d dike height NOR [12.83 0.2 300 0
cg grass quality coefficient DET 1000000 - - -
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LocatielD

Dr4iL7

X y z WaterstandID|zmin vaknummer
177750 421050 12.42|Dr41L7_River|8.09 1410006052
name description type |mean stdev xle rho_x
k z specific permeability LOG |5.79E-04 4.63E-04 600 0
mh model uncertainty head difference for heave LOG |0.8 0.08 999999 1
mp model uncertainty Sellmeijer LOG |1 0.08 999999 1
m0 model uncertainty critical head difference for heave LOG |1.2 0.12 999999 1
gamma_g volumetric weight of the grains NOR |27 1.35 300 0
gamma_sat  |saturated volumetric weight of the impermeable top layer|NOR |18 0.4 300 0
eta White constant (sleepkrachtfactor) LOG [0.3 0.045 999999 1
d_70 70th percentile of the grain distribution (sieve curve) LOG [3.71E-04 5.57E-05 180 0
h_hinterDefaulthydraulic head hinterland NOR [7.5 0.52 999999 1
K roughness coefficient by Strickler (inner slope) LOG |0.015 0.00375 300 0.5
theta rolling resistance angle LOG /43 3 600 0
me model uncertainty erosion inner slope LOG |1 0.5 1500 0.4
|_piping piping length LOG |60.6 6.969 200 0
tanalphai inner slope angle NOR ]0.43902439 |0.065853659|150 0
d_aquifer aquifer thickness LOG [14.4 2.1024 200 0
d_topLayer impermeable top layer thickness LOG 3 1.524 200 0
h d dike height NOR [12.42 0.2 300 0
cg grass quality coefficient DET |1000000 - - -
LocatielD

Dr41L8

X y z WaterstandID|zmin vaknummer
173050 425950 10.77|Dr41L8_River|6.73 1410006058
name description type |mean stdev_ |xle rho_x
k z specific permeability LOG |5.79E-04 4.63E-04/600 0

mh model uncertainty head difference for heave LOG |0.8 0.08 999999 1

mp model uncertainty Sellmeijer LOG 1 0.08 099999 1

mO model uncertainty critical head difference for heave LOG [1.2 0.12 999999 1
gamma_g volumetric weight of the grains NOR |27 1.35 300 0
gamma_sat  |saturated volumetric weight of the impermeable top layer|NOR |17.2 0.36 300 0

eta White constant (sleepkrachtfactor) LOG 0.3 0.045 [999999 1
d_70 70th percentile of the grain distribution (sieve curve) LOG [3.71E-04 5.57E-05|180 0
h_hinterDefaultlhydraulic head hinterland NOR |6.5 0.45 999999 1

K roughness coefficient by Strickler (inner slope) LOG |0.015 0.00375 [300 0.5
theta rolling resistance angle LOG 143 3 600 0

me model uncertainty erosion inner slope LOG |1 0.5 1500 0.4
|_piping piping length LOG |61.9 8.4184 |200 0
tanalphai inner slope angle NOR |0.33 0.0495 [150 0
d_aquifer aquifer thickness LOG |19.8 5.9598 |200 0
d_topLayer impermeable top layer thickness LOG [3.8 0.6688 |200 0

h d dike height NOR [10.77 0.2 300 0

cg grass quality coefficient DET 1000000 - - -
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LocatielD

Dr41L9

X y z WaterstandID|zmin vaknummer
165450 427450 10.09|Dr41L9_River|5.41 1410006065
name description type |mean stdev xle rho_x
k z specific permeability LOG |5.79E-04 4.63E-04 600 0
mh model uncertainty head difference for heave LOG |0.8 0.08 999999 1
mp model uncertainty Sellmeijer LOG |1 0.08 999999 1
m0 model uncertainty critical head difference for heave LOG |1.2 0.12 999999 1
gamma_g volumetric weight of the grains NOR |27 1.35 300 0
gamma_sat  |saturated volumetric weight of the impermeable top layer|NOR [16.7 0.335 300 0
eta White constant (sleepkrachtfactor) LOG [0.3 0.045 999999 1
d_70 70th percentile of the grain distribution (sieve curve) LOG [3.71E-04 5.57E-05 180 0
h_hinterDefaulthydraulic head hinterland NOR 5.4 0.29 999999 1
K roughness coefficient by Strickler (inner slope) LOG |0.015 0.00375 300 0.5
theta rolling resistance angle LOG /43 3 600 0
me model uncertainty erosion inner slope LOG |1 0.5 1500 0.4
|_piping piping length LOG |60.9 4.3239 200 0
tanalphai inner slope angle NOR ]0.053399786 |0.008009968|150 0
d_aquifer aquifer thickness LOG [41.5 6.225 200 0
d_topLayer impermeable top layer thickness LOG [3.9 0.4485 200 0

h d dike height NOR [10.09 0.2 300 0
cg grass quality coefficient DET |1000000 - - -
LocatielD

Dr41L10

X y z WaterstandID |zmin vaknummer
160850 425450 8.73 |Dr41L10_River|6.33 1410006072
name description type |mean stdev xle rho_x
k z specific permeability LOG|5.79E-04 4.63E-04 600 0
mh model uncertainty head difference for heave LOG|0.8 0.08 999999 1
mp model uncertainty Sellmeijer LOGI1 0.08 099999 1
mO model uncertainty critical head difference for heave LOG|1.2 0.12 999999 1
gamma_g volumetric weight of the grains NOR|27 1.35 300 0
gamma_sat  |saturated volumetric weight of the impermeable top layerNOR|16.6 0.33 300 0
eta White constant (sleepkrachtfactor) LOG|0.3 0.045 999999 1
d_70 70th percentile of the grain distribution (sieve curve) LOG|3.71E-04 5.57E-05 180 0
h_hinterDefaultlhydraulic head hinterland NORJ5.1 0.62 999999 1
K roughness coefficient by Strickler (inner slope) LOG|0.015 0.00375 300 0.5
theta rolling resistance angle LOG|43 3 600 0
me model uncertainty erosion inner slope LOG|1 0.5 1500 0.4
|_piping piping length LOG|52.2 15.4512 200 0
tanalphai inner slope angle NOR|0.39488117 |0.059232176|150 0
d_aquifer aquifer thickness LOG|21.8 0.3924 200 0
d_topLayer impermeable top layer thickness LOG|4.3 1.1352 200 0
h d dike height NOR|8.73 0.2 300 0
cg grass quality coefficient DET |1000000 - - -
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LocatielD

Dr41L11

X y z WaterstandID |zmin vaknummer
158050 425850 8.91 |Dr41L11 River|4.28 1410006075
name description type |mean stdev xle rho_x
k z specific permeability LOG|5.79E-04 4.63E-04 600 0
mh model uncertainty head difference for heave LOG|0.8 0.08 999999 1
mp model uncertainty Sellmeijer LOG|1 0.08 999999 1
m0 model uncertainty critical head difference for heave LOG|1.2 0.12 999999 1
gamma_g volumetric weight of the grains NOR|27 1.35 300 0
gamma_sat  |saturated volumetric weight of the impermeable top layer|NOR|16.8 0.34 300 0
eta White constant (sleepkrachtfactor) LOG|0.3 0.045 999999 1
d_70 70th percentile of the grain distribution (sieve curve) LOG|3.71E-04 5.57E-05 180 0
h_hinterDefaulthydraulic head hinterland NOR|4.1 0.62 999999 1
K roughness coefficient by Strickler (inner slope) LOG|0.015 0.00375 300 0.5
theta rolling resistance angle LOG |43 3 600 0
me model uncertainty erosion inner slope LOG|1 0.5 1500 0.4
|_piping piping length LOG|58.6 12.306 200 0
tanalphai inner slope angle NOR|0.395069953 |0.059260493|150 0
d_aquifer aquifer thickness LOG|23.7 0.4503 200 0
d_topLayer impermeable top layer thickness LOG|3.6 1.656 200 0
h d dike height NOR|8.91 0.2 300 0
cg grass quality coefficient DET [1000000 - - -
LocatielD

Dr41L12

X y z WaterstandID [zmin vaknummer
186150 429650 15.27|Dr41L12_River|11.55 1410006046
name description type |mean stdev  |xle rho_x
k z specific permeability LOG |5.79E-04 4.63E-04/600 0
mh model uncertainty head difference for heave LOG |0.8 0.08 999999 1
mp model uncertainty Sellmeijer LOG 1 0.08 999999 1
mO model uncertainty critical head difference for heave LOG [1.2 0.12 999999 1
gamma_g volumetric weight of the grains NOR |27 1.35 300 0
gamma_sat  |saturated volumetric weight of the impermeable top layer|NOR |17.83 0.3915 |300 0
eta White constant (sleepkrachtfactor) LOG 0.3 0.045  |999999 1
d_70 70th percentile of the grain distribution (sieve curve) LOG [3.71E-04 5.57E-05|180 0
h_hinterDefaultlhydraulic head hinterland NOR (10 1.03 999999 1

K roughness coefficient by Strickler (inner slope) LOG |0.015 0.00375 |300 0.5
theta rolling resistance angle LOG 143 3 600 0
me model uncertainty erosion inner slope LOG |1 0.5 1500 0.4
|_piping piping length LOG [62.2 14.3682 |200 0
tanalphai inner slope angle NOR |0.5 0.075 |150 0
d_aquifer aquifer thickness LOG |12.3 0.8241 |200 0
d_topLayer impermeable top layer thickness LOG [1.87 0.92004 |200 0

h d dike height NOR [15.27 0.2 300 0

cg grass quality coefficient DET 1000000 - - -
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LocatielD

Dr41L13

X y z WaterstandID [zmin vaknummer
184650 430250 15.27|Dr41L13 River|10.1 1410006010
name description type |mean stdev xle rho_x
k z specific permeability LOG |5.79E-04 4.63E-04 600 0
mh model uncertainty head difference for heave LOG |0.8 0.08 999999 1
mp model uncertainty Sellmeijer LOG |1 0.08 999999 1
m0 model uncertainty critical head difference for heave LOG |1.2 0.12 999999 1
gamma_g volumetric weight of the grains NOR |27 1.35 300 0
gamma_sat  |saturated volumetric weight of the impermeable top layer|NOR |18.08 0.404 300 0
eta White constant (sleepkrachtfactor) LOG [0.3 0.045 999999 1
d_70 70th percentile of the grain distribution (sieve curve) LOG |4.30E-04 6.45E-05 180 0
h_hinterDefaulthydraulic head hinterland NOR 9.33 0.39 999999 1
K roughness coefficient by Strickler (inner slope) LOG |0.015 0.00375 300 0.5
theta rolling resistance angle LOG /43 3 600 0
me model uncertainty erosion inner slope LOG |1 0.5 1500 0.4
|_piping piping length LOG |80.19 5.05197 |200 0
tanalphai inner slope angle NOR |0.330082136 |0.04951232|150 0
d_aquifer aquifer thickness LOG |50 7.5 200 0
d_topLayer impermeable top layer thickness LOG |1.58 0.6794 200 0

h d dike height NOR [15.27 0.2 300 0
cg grass quality coefficient DET |1000000 - - -
LocatielD

Dr41L14

X y z WaterstandID [zmin vaknummer
181550 431950 14.33|Dr41L14 River|10.83 1410006011
name description type |mean stdev xle rho_x
k z specific permeability LOG |5.79E-04 4.63E-04 600 0
mh model uncertainty head difference for heave LOG |0.8 0.08 999999 1
mp model uncertainty Sellmeijer LOG 1 0.08 099999 1
mO model uncertainty critical head difference for heave LOG [1.2 0.12 999999 1
gamma_g volumetric weight of the grains NOR |27 1.35 300 0
gamma_sat  |saturated volumetric weight of the impermeable top layer|NOR |17.68 0.384 300 0
eta White constant (sleepkrachtfactor) LOG 0.3 0.045 999999 1
d_70 70th percentile of the grain distribution (sieve curve) LOG |4.30E-04 6.45E-05 180 0
h_hinterDefaultlhydraulic head hinterland NOR [8.75 0.26 999999 1
K roughness coefficient by Strickler (inner slope) LOG |0.015 0.00375 300 0.5
theta rolling resistance angle LOG 143 3 600 0
me model uncertainty erosion inner slope LOG |1 0.5 1500 0.4
|_piping piping length LOG [81.02 6.72466 200 0
tanalphai inner slope angle NOR |0.329943503 |0.049491525(150 0
d_aquifer aquifer thickness LOG |50 75 200 0
d_topLayer impermeable top layer thickness LOG 2.1 0.6552 200 0
h d dike height NOR [14.33 0.2 300 0
cg grass quality coefficient DET 1000000 - - -
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LocatielD

Dr41L15

X y z WaterstandID _|zmin vaknummer
179650 432150 14.21Dr41L15_River|10.16 1410006013
name description type |mean stdev xle rho X
k z specific permeability LOG |5.79E-04 4.63E-04 600 0
mh model uncertainty head difference for heave LOG |0.8 0.08 999999 1
mp model uncertainty Sellmeijer LOG |1 0.08 999999 1
m0 model uncertainty critical head difference for heave LOG |1.2 0.12 999999 1
gamma g volumetric weight of the grains NOR |27 1.35 300 0
gamma_sat  |saturated volumetric weight of the impermeable top layer|NOR [18.7 0.435 300 0
eta White constant (sleepkrachtfactor) LOG [0.3 0.045 999999 1
d_70 70th percentile of the grain distribution (sieve curve) LOG |4.30E-04 6.45E-05 180 0
h_hinterDefaultlhydraulic head hinterland NOR [8.25 0.21 999999 1
K roughness coefficient by Strickler (inner slope) LOG |0.015 0.00375 300 0.5
theta rolling resistance angle LOG /43 3 600 0
me model uncertainty erosion inner slope LOG |1 0.5 1500 0.4
|_piping piping length LOG |86 4.3 200 0
tanalphai inner slope angle NOR |0.249501992 |0.037425299|150 0
d_aquifer aquifer thickness LOG |50 7.5 200 0
d_topLayer impermeable top layer thickness LOG |0.61 0.17446 200 0

h d dike height NOR [14.21 0.2 300 0
cg grass quality coefficient DET |1000000 - - -
LocatielD

Dr41L16

X y z WaterstandID _|zmin vaknummer
176250 433250 13.82|Dr41L16 River|9.71 1410006016
name description type |mean stdev xle rho_x|
k z specific permeability LOG |5.79E-04 4.63E-04 600 0
mh model uncertainty head difference for heave LOG [0.8 0.08 999999 1
mp model uncertainty Sellmeijer LOG |1 0.08 999999 1
mO0 model uncertainty critical head difference for heave LOG [1.2 0.12 999999 1
gamma_g volumetric weight of the grains NOR |27 1.35 300 0
gamma_sat  |saturated volumetric weight of the impermeable top layer|NOR |17.18 0.359 300 0
eta White constant (sleepkrachtfactor) LOG 0.3 0.045 999999 1
d 70 70th percentile of the grain distribution (sieve curve) LOG |4.30E-04 6.45E-05 180 0
h_hinterDefaulthydraulic head hinterland NOR |7.53 0.37 999999 1
K roughness coefficient by Strickler (inner slope) LOG |0.015 0.00375 300 0.5
theta rolling resistance angle LOG 143 3 600 0
me model uncertainty erosion inner slope LOG [1 0.5 1500 0.4
|_piping piping length LOG [88.1 4.6693 200 0
tanalphai inner slope angle NOR [0.329943503 [0.049491525|150 0
d_aquifer aquifer thickness LOG |50 75 200 0
d_topLayer impermeable top layer thickness LOG [2.79 0.66123 200 0
h d dike height NOR [13.82 0.2 300 0
cg grass quality coefficient DET |1000000 - - -
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LocatielD

Dr41L.17

X y z WaterstandID _|zmin vaknummer
174550 433750 13.69Dr41L17_River|10.95 1410006017
name description type |mean stdev xle rho X
k z specific permeability LOG |5.79E-04 4.63E-04 600 0
mh model uncertainty head difference for heave LOG |0.8 0.08 999999 1
mp model uncertainty Sellmeijer LOG |1 0.08 999999 1
m0 model uncertainty critical head difference for heave LOG |1.2 0.12 999999 1
gamma g volumetric weight of the grains NOR |27 1.35 300 0
gamma_sat  |saturated volumetric weight of the impermeable top layer|NOR |17.55 0.3775 300 0
eta White constant (sleepkrachtfactor) LOG [0.3 0.045 999999 1
d_70 70th percentile of the grain distribution (sieve curve) LOG |4.30E-04 6.45E-05 180 0
h_hinterDefaultlhydraulic head hinterland NOR |7.79 0.22 999999 1
K roughness coefficient by Strickler (inner slope) LOG |0.015 0.00375 300 0.5
theta rolling resistance angle LOG /43 3 600 0
me model uncertainty erosion inner slope LOG |1 0.5 1500 0.4
|_piping piping length LOG [133.24 12.79104 200 0
tanalphai inner slope angle NOR |0.330005255 |0.049500788|150 0
d_aquifer aquifer thickness LOG |60 9 200 0
d_topLayer impermeable top layer thickness LOG [3.95 0.52535 200 0

h d dike height NOR [13.69 0.2 300 0
cg grass quality coefficient DET |1000000 - - -
LocatielD

Dr41L18

X y z WaterstandID _|zmin vaknummer
172750 433450 13.55|Dr41L18 River|9.06 1410006023
name description type |mean stdev xle rho_x|
k z specific permeability LOG |5.79E-04 4.63E-04 600 0
mh model uncertainty head difference for heave LOG [0.8 0.08 999999 1
mp model uncertainty Sellmeijer LOG |1 0.08 999999 1
mO0 model uncertainty critical head difference for heave LOG [1.2 0.12 999999 1
gamma_g volumetric weight of the grains NOR |27 1.35 300 0
gamma_sat  |saturated volumetric weight of the impermeable top layer|NOR |18.15 0.4075 300 0
eta White constant (sleepkrachtfactor) LOG 0.3 0.045 999999 1
d 70 70th percentile of the grain distribution (sieve curve) LOG |5.11E-04 7.66E-05 180 0
h_hinterDefaulthydraulic head hinterland NOR |7 0.25 999999 1
K roughness coefficient by Strickler (inner slope) LOG |0.015 0.00375 300 0.5
theta rolling resistance angle LOG 143 3 600 0
me model uncertainty erosion inner slope LOG [1 0.5 1500 0.4
|_piping piping length LOG |151.82 1.06274 200 0
tanalphai inner slope angle NOR [0.330061983 |0.049509298|150 0
d_aquifer aquifer thickness LOG |50 75 200 0
d_topLayer impermeable top layer thickness LOG [2.43 1.35108 200 0
h d dike height NOR [13.55 0.2 300 0
cg grass quality coefficient DET |1000000 - - -
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LocatielD

Dr411.19

X y z WaterstandID _|zmin vaknummer
169250 433950 13.16|Dr41L19 River|9.89 1410006028
name description type |mean stdev  [xle rho X
k z specific permeability LOG |5.79E-04 4.63E-04/600 0

mh model uncertainty head difference for heave LOG |0.8 0.08 999999 1

mp model uncertainty Sellmeijer LOG |1 0.08 999999 1

m0 model uncertainty critical head difference for heave LOG |1.2 0.12 999999 1
gamma g volumetric weight of the grains NOR |27 1.35 300 0
gamma_sat  |saturated volumetric weight of the impermeable top layer|NOR [18.8 0.44 300 0
eta White constant (sleepkrachtfactor) LOG [0.3 0.045 |999999 1
d_70 70th percentile of the grain distribution (sieve curve) LOG |5.11E-04 7.66E-05|180 0
h_hinterDefaultlhydraulic head hinterland NOR |7.21 0.55 999999 1

K roughness coefficient by Strickler (inner slope) LOG |0.015 0.00375 |300 0.5
theta rolling resistance angle LOG /43 3 600 0

me model uncertainty erosion inner slope LOG |1 0.5 1500 0.4
|_piping piping length LOG [77.16 3.70368 [200 0
tanalphai inner slope angle NOR |0.375 0.05625 |150 0
d_aquifer aquifer thickness LOG |40 12 200 0
d_topLayer impermeable top layer thickness LOG |1.41 0.79101 |200 0

h d dike height NOR [13.16 0.2 300 0

cg grass quality coefficient DET |1000000 - - -
LocatielD

Dr41L20

X y z WaterstandID _|zmin vaknummer
167450 433550 12.94Dr41L.20 River|8.32 1410006030
name description type |mean stdev xle rho_x|
k z specific permeability LOG |5.79E-04 4.63E-04 600 0
mh model uncertainty head difference for heave LOG [0.8 0.08 999999 1
mp model uncertainty Sellmeijer LOG |1 0.08 999999 1
mO0 model uncertainty critical head difference for heave LOG [1.2 0.12 999999 1
gamma_g volumetric weight of the grains NOR |27 1.35 300 0
gamma_sat  |saturated volumetric weight of the impermeable top layer|NOR |18.58 0.429 300 0
eta White constant (sleepkrachtfactor) LOG 0.3 0.045 999999 1
d 70 70th percentile of the grain distribution (sieve curve) LOG |5.11E-04 7.66E-05 180 0
h_hinterDefaulthydraulic head hinterland NOR |6.38 0.4 999999 1
K roughness coefficient by Strickler (inner slope) LOG |0.015 0.00375 300 0.5
theta rolling resistance angle LOG 143 3 600 0
me model uncertainty erosion inner slope LOG [1 0.5 1500 0.4
|_piping piping length LOG [87.5 5.1625 200 0
tanalphai inner slope angle NOR [0.392898719 |0.058934808|150 0
d_aquifer aquifer thickness LOG |40 12 200 0
d_topLayer impermeable top layer thickness LOG [3.53 1.60968 200 0
h d dike height NOR [12.94 0.2 300 0
cg grass quality coefficient DET |1000000 - - -
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LocatielD

Dr411.21

X y z WaterstandID _|zmin vaknummer
163350 433150 12.58Dr41L.21_River|6.87 1410006037
name description type |mean stdev xle rho X
k z specific permeability LOG |5.79E-04 4.63E-04 600 0
mh model uncertainty head difference for heave LOG |0.8 0.08 999999 1
mp model uncertainty Sellmeijer LOG |1 0.08 999999 1
m0 model uncertainty critical head difference for heave LOG |1.2 0.12 999999 1
gamma g volumetric weight of the grains NOR |27 1.35 300 0
gamma_sat  |saturated volumetric weight of the impermeable top layer|NOR |18.22 0.411 300 0
eta White constant (sleepkrachtfactor) LOG [0.3 0.045 999999 1
d_70 70th percentile of the grain distribution (sieve curve) LOG |5.11E-04 7.66E-05 180 0
h_hinterDefaultlhydraulic head hinterland NOR |6.4 0.38 999999 1
K roughness coefficient by Strickler (inner slope) LOG |0.015 0.00375 300 0.5
theta rolling resistance angle LOG /43 3 600 0
me model uncertainty erosion inner slope LOG |1 0.5 1500 0.4
|_piping piping length LOG [81.51 5.62419 200 0
tanalphai inner slope angle NOR |0.358939186 |0.053840878|150 0
d_aquifer aquifer thickness LOG |40 12 200 0
d_topLayer impermeable top layer thickness LOG |1.56 0.90168 200 0

h d dike height NOR [12.58 0.2 300 0
cg grass quality coefficient DET |1000000 - - -
LocatielD

Dr41L22

X y z WaterstandID _|zmin vaknummer
161050 432650 12.49Dr41L.22_River|8.06 1410006039
name description type |mean stdev xle rho_x|
k z specific permeability LOG |5.79E-04 4.63E-04 600 0
mh model uncertainty head difference for heave LOG [0.8 0.08 999999 1
mp model uncertainty Sellmeijer LOG |1 0.08 999999 1
mO0 model uncertainty critical head difference for heave LOG [1.2 0.12 999999 1
gamma_g volumetric weight of the grains NOR |27 1.35 300 0
gamma_sat  |saturated volumetric weight of the impermeable top layer|NOR |18.73 0.4365 300 0
eta White constant (sleepkrachtfactor) LOG 0.3 0.045 999999 1
d 70 70th percentile of the grain distribution (sieve curve) LOG |5.11E-04 7.66E-05 180 0
h_hinterDefaulthydraulic head hinterland NOR |6.23 0.19 999999 1
K roughness coefficient by Strickler (inner slope) LOG |0.015 0.00375 300 0.5
theta rolling resistance angle LOG 143 3 600 0
me model uncertainty erosion inner slope LOG [1 0.5 1500 0.4
|_piping piping length LOG [81.22 3.33002 200 0
tanalphai inner slope angle NOR [0.392878696 |0.058931804/|150 0
d_aquifer aquifer thickness LOG |40 12 200 0
d_topLayer impermeable top layer thickness LOG [1.68 1.7136 200 0

h d dike height NOR [12.49 0.2 300 0
cg grass quality coefficient DET |1000000 - - -
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LocatielD

Dr411.23

X y z WaterstandID _|zmin vaknummer
159550 432150 12.24|Dr41L.23_River|6.91 1410006040
name description type |mean stdev xle rho X
k z specific permeability LOG |5.79E-04 4.63E-04 600 0
mh model uncertainty head difference for heave LOG |0.8 0.08 999999 1
mp model uncertainty Sellmeijer LOG |1 0.08 999999 1
m0 model uncertainty critical head difference for heave LOG |1.2 0.12 999999 1
gamma g volumetric weight of the grains NOR |27 1.35 300 0
gamma_sat  |saturated volumetric weight of the impermeable top layer|NOR [18.44 0.422 300 0
eta White constant (sleepkrachtfactor) LOG [0.3 0.045 999999 1
d_70 70th percentile of the grain distribution (sieve curve) LOG |5.11E-04 7.66E-05 180 0
h_hinterDefaultlhydraulic head hinterland NOR |6.82 0.81 999999 1
K roughness coefficient by Strickler (inner slope) LOG |0.015 0.00375 300 0.5
theta rolling resistance angle LOG /43 3 600 0
me model uncertainty erosion inner slope LOG |1 0.5 1500 0.4
|_piping piping length LOG [69.79 11.58514 200 0
tanalphai inner slope angle NOR |0.392775229 |0.058916284|150 0
d_aquifer aquifer thickness LOG |40 12 200 0
d_topLayer impermeable top layer thickness LOG [3.97 1.38156 200 0

h d dike height NOR [12.24 0.2 300 0
cg grass quality coefficient DET |1000000 - - -
LocatielD

Dr41L24

X y z WaterstandID _|zmin vaknummer
157150 428250 11.54|Dr41L24 River|5.6 1410006044
name description type |mean stdev xle rho_x|
k z specific permeability LOG |5.79E-04 4.63E-04 600 0
mh model uncertainty head difference for heave LOG [0.8 0.08 999999 1
mp model uncertainty Sellmeijer LOG |1 0.08 999999 1
mO0 model uncertainty critical head difference for heave LOG [1.2 0.12 999999 1
gamma_g volumetric weight of the grains NOR |27 1.35 300 0
gamma_sat  |saturated volumetric weight of the impermeable top layer|NOR |17.53 0.3765 300 0
eta White constant (sleepkrachtfactor) LOG 0.3 0.045 999999 1
d 70 70th percentile of the grain distribution (sieve curve) LOG |5.11E-04 7.66E-05 180 0
h_hinterDefaulthydraulic head hinterland NOR [5.52 0.34 999999 1
K roughness coefficient by Strickler (inner slope) LOG |0.015 0.00375 300 0.5
theta rolling resistance angle LOG 143 3 600 0
me model uncertainty erosion inner slope LOG [1 0.5 1500 0.4
|_piping piping length LOG [77.94 5.0661 200 0
tanalphai inner slope angle NOR [0.259991926 [0.038998789|150 0
d_aquifer aquifer thickness LOG |40 12 200 0
d_topLayer impermeable top layer thickness LOG |6.01 1.0818 200 0
h d dike height NOR [11.54 0.2 300 0
cg grass quality coefficient DET |500000 - - -
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LocatielD

Dr411.25

X y z WaterstandID _|zmin vaknummer
187950 419250 13.36|Dr41L25_River|10.14 1410006045
name description type |mean stdev xle rho X
k z specific permeability LOG |5.79E-04 4.63E-04 600 0
mh model uncertainty head difference for heave LOG |0.8 0.08 999999 1
mp model uncertainty Sellmeijer LOG |1 0.08 999999 1
m0 model uncertainty critical head difference for heave LOG |1.2 0.12 999999 1
gamma g volumetric weight of the grains NOR |27 1.35 300 0
gamma_sat  |saturated volumetric weight of the impermeable top layer|NOR |18 0.4 300 0
eta White constant (sleepkrachtfactor) LOG [0.3 0.045 999999 1
d_70 70th percentile of the grain distribution (sieve curve) LOG [3.71E-04 5.57E-05 180 0
h_hinterDefaultlhydraulic head hinterland NOR [9.9 0.56 999999 1
K roughness coefficient by Strickler (inner slope) LOG |0.015 0.00375 300 0.5
theta rolling resistance angle LOG /43 3 600 0
me model uncertainty erosion inner slope LOG |1 0.5 1500 0.4
|_piping piping length LOG |58.6 11.72 200 0
tanalphai inner slope angle NOR |0.330012453 |0.049501868|150 0
d_aquifer aquifer thickness LOG [13.9 1.5846 200 0
d_topLayer impermeable top layer thickness LOG |2.07 1.45935 200 0
h d dike height NOR [13.36 0.2 300 0
cg grass quality coefficient DET |1000000 - - -
LocatielD

Dr41L26

X y z WaterstandID _|zmin vaknummer
185950 419550 12.85|Dr41L26 River|9.64 1410006046
name description type |mean stdev  [xle rho_x|
k z specific permeability LOG |5.79E-04 4.63E-04/600 0
mh model uncertainty head difference for heave LOG [0.8 0.08 999999 1

mp model uncertainty Sellmeijer LOG |1 0.08 999999 1

mO0 model uncertainty critical head difference for heave LOG [1.2 0.12 999999 1
gamma_g volumetric weight of the grains NOR |27 1.35 300 0
gamma_sat  |saturated volumetric weight of the impermeable top layer|NOR |17.83 0.3915 |300 0
eta White constant (sleepkrachtfactor) LOG 0.3 0.045  |999999 1

d 70 70th percentile of the grain distribution (sieve curve) LOG [3.71E-04 5.57E-05|180 0
h_hinterDefaultlhydraulic head hinterland NOR |10 1.03 999999 1

K roughness coefficient by Strickler (inner slope) LOG |0.015 0.00375 |300 0.5
theta rolling resistance angle LOG 143 3 600 0

me model uncertainty erosion inner slope LOG [1 0.5 1500 0.4
|_piping piping length LOG [62.2 14.3682 |200 0
tanalphai inner slope angle NOR [0.5 0.075 |150 0
d_aquifer aquifer thickness LOG |12.3 0.8241 |200 0
d_topLayer impermeable top layer thickness LOG [1.87 0.92004 |200 0

h d dike height NOR [12.85 0.2 300 0

cg grass quality coefficient DET |1000000 - - -
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LocatielD

Dr411.27

X y z WaterstandID _|zmin vaknummer
181550 418750 12.51Dr41L27_River|9.89 1410006049
name description type |mean stdev xle rho X
k z specific permeability LOG |5.79E-04 4.63E-04 600 0
mh model uncertainty head difference for heave LOG |0.8 0.08 999999 1
mp model uncertainty Sellmeijer LOG |1 0.08 999999 1
m0 model uncertainty critical head difference for heave LOG |1.2 0.12 999999 1
gamma g volumetric weight of the grains NOR |27 1.35 300 0
gamma_sat  |saturated volumetric weight of the impermeable top layer|NOR |17.86 0.393 300 0
eta White constant (sleepkrachtfactor) LOG [0.3 0.045 999999 1
d_70 70th percentile of the grain distribution (sieve curve) LOG [3.71E-04 5.57E-05 180 0
h_hinterDefaultlhydraulic head hinterland NOR [8.74 0.81 999999 1
K roughness coefficient by Strickler (inner slope) LOG |0.015 0.00375 300 0.5
theta rolling resistance angle LOG /43 3 600 0
me model uncertainty erosion inner slope LOG |1 0.5 1500 0.4
|_piping piping length LOG [74.91 1.72293 200 0
tanalphai inner slope angle NOR |0.330088496 |0.049513274|150 0
d_aquifer aquifer thickness LOG [21.9 1.6644 200 0
d_topLayer impermeable top layer thickness LOG |1.63 1.55828 200 0

h d dike height NOR [12.51 0.2 300 0
cg grass quality coefficient DET |1000000 - - -
LocatielD

Dr41L28

X y z WaterstandID _|zmin vaknummer
180250 420250 12.36|Dr41L.28 River|8.68 1410006050
name description type |mean stdev xle rho_x|
k z specific permeability LOG |5.79E-04 4.63E-04 600 0
mh model uncertainty head difference for heave LOG [0.8 0.08 999999 1
mp model uncertainty Sellmeijer LOG |1 0.08 999999 1
mO0 model uncertainty critical head difference for heave LOG [1.2 0.12 999999 1
gamma_g volumetric weight of the grains NOR |27 1.35 300 0
gamma_sat  |saturated volumetric weight of the impermeable top layer|NOR |17.77 0.3885 300 0
eta White constant (sleepkrachtfactor) LOG 0.3 0.045 999999 1
d 70 70th percentile of the grain distribution (sieve curve) LOG [3.71E-04 5.57E-05 180 0
h_hinterDefaulthydraulic head hinterland NOR [8.2 0.69 999999 1
K roughness coefficient by Strickler (inner slope) LOG |0.015 0.00375 300 0.5
theta rolling resistance angle LOG 143 3 600 0
me model uncertainty erosion inner slope LOG [1 0.5 1500 0.4
|_piping piping length LOG |64.5 18.447 200 0
tanalphai inner slope angle NOR [0.329925017 |0.049488753|150 0
d_aquifer aquifer thickness LOG |22.3 1.4049 200 0
d_topLayer impermeable top layer thickness LOG [1.93 1.26415 200 0

h d dike height NOR [12.36 0.2 300 0
cg grass quality coefficient DET |1000000 - - -
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LocatielD

Dr411.29

X y z WaterstandID _|zmin vaknummer
176850 422350 11.79|Dr41L29 River|7.31 1410006054
name description type |mean stdev xle rho X
k z specific permeability LOG |5.79E-04 4.63E-04 600 0
mh model uncertainty head difference for heave LOG |0.8 0.08 999999 1
mp model uncertainty Sellmeijer LOG |1 0.08 999999 1
m0 model uncertainty critical head difference for heave LOG |1.2 0.12 999999 1
gamma g volumetric weight of the grains NOR |27 1.35 300 0
gamma_sat  |saturated volumetric weight of the impermeable top layer|NOR |16.3 0.315 300 0
eta White constant (sleepkrachtfactor) LOG [0.3 0.045 999999 1
d_70 70th percentile of the grain distribution (sieve curve) LOG [3.71E-04 5.57E-05 180 0
h_hinterDefaultlhydraulic head hinterland NOR |6.4 0.23 999999 1
K roughness coefficient by Strickler (inner slope) LOG |0.015 0.00375 300 0.5
theta rolling resistance angle LOG /43 3 600 0
me model uncertainty erosion inner slope LOG |1 0.5 1500 0.4
|_piping piping length LOG |89 3.026 200 0
tanalphai inner slope angle NOR |0.314897413 |0.047234612|150 0
d_aquifer aquifer thickness LOG [13.5 0.5535 200 0
d_topLayer impermeable top layer thickness LOG 4.2 1.6548 200 0

h d dike height NOR [11.79 0.2 300 0
cg grass quality coefficient DET |1000000 - - -
LocatielD

Dr41L30

X y z WaterstandID _|zmin vaknummer
174850 423050 11.38|Dr41L.30 River|7.92 1410006056
name description type |mean stdev xle rho_x|
k z specific permeability LOG |5.79E-04 4.63E-04 600 0
mh model uncertainty head difference for heave LOG [0.8 0.08 999999 1
mp model uncertainty Sellmeijer LOG |1 0.08 999999 1
mO0 model uncertainty critical head difference for heave LOG [1.2 0.12 999999 1
gamma_g volumetric weight of the grains NOR |27 1.35 300 0
gamma_sat  |saturated volumetric weight of the impermeable top layer|NOR [17.3 0.365 300 0
eta White constant (sleepkrachtfactor) LOG 0.3 0.045 999999 1
d 70 70th percentile of the grain distribution (sieve curve) LOG [3.71E-04 5.57E-05 180 0
h_hinterDefaulthydraulic head hinterland NOR [7.5 0.69 999999 1
K roughness coefficient by Strickler (inner slope) LOG |0.015 0.00375 300 0.5
theta rolling resistance angle LOG 143 3 600 0
me model uncertainty erosion inner slope LOG [1 0.5 1500 0.4
|_piping piping length LOG |51 8.109 200 0
tanalphai inner slope angle NOR [0.327464789 [0.049119718|150 0
d_aquifer aquifer thickness LOG |15.1 3.4881 200 0
d_topLayer impermeable top layer thickness LOG 3.4 0.986 200 0
h d dike height NOR [11.38 0.2 300 0
cg grass quality coefficient DET |1000000 - - -
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LocatielD

Dr411.31

X y z WaterstandID _|zmin vaknummer
173650 424150 11.07|Dr41L.31_River|6.99 1410006057
name description type |mean stdev xle rho X
k z specific permeability LOG |5.79E-04 4.63E-04 600 0
mh model uncertainty head difference for heave LOG |0.8 0.08 999999 1
mp model uncertainty Sellmeijer LOG |1 0.08 999999 1
m0 model uncertainty critical head difference for heave LOG |1.2 0.12 999999 1
gamma g volumetric weight of the grains NOR |27 1.35 300 0
gamma_sat  |saturated volumetric weight of the impermeable top layer|NOR [17.5 0.375 300 0
eta White constant (sleepkrachtfactor) LOG [0.3 0.045 999999 1
d_70 70th percentile of the grain distribution (sieve curve) LOG [3.71E-04 5.57E-05 180 0
h_hinterDefaultlhydraulic head hinterland NOR [7.3 0.53 999999 1
K roughness coefficient by Strickler (inner slope) LOG |0.015 0.00375 300 0.5
theta rolling resistance angle LOG /43 3 600 0
me model uncertainty erosion inner slope LOG |1 0.5 1500 0.4
|_piping piping length LOG 61.1 15.5194 200 0
tanalphai inner slope angle NOR |0.329969728 |0.049495459|150 0
d_aquifer aquifer thickness LOG [14.1 2.4675 200 0
d_topLayer impermeable top layer thickness LOG 3 1.278 200 0

h d dike height NOR [11.07 0.2 300 0
cg grass quality coefficient DET |1000000 - - -
LocatielD

Dr41L32

X y z WaterstandID _|zmin vaknummer
171250 426350 10.55|Dr411L.32_River|8.18 1410006060
name description type |mean stdev xle rho_x|
k z specific permeability LOG |5.79E-04 4.63E-04 600 0
mh model uncertainty head difference for heave LOG [0.8 0.08 999999 1
mp model uncertainty Sellmeijer LOG |1 0.08 999999 1
mO0 model uncertainty critical head difference for heave LOG [1.2 0.12 999999 1
gamma_g volumetric weight of the grains NOR |27 1.35 300 0
gamma_sat  |saturated volumetric weight of the impermeable top layer|NOR [17.9 0.395 300 0
eta White constant (sleepkrachtfactor) LOG 0.3 0.045 999999 1
d 70 70th percentile of the grain distribution (sieve curve) LOG [3.71E-04 5.57E-05 180 0
h_hinterDefaulthydraulic head hinterland NOR |6.4 0.51 999999 1
K roughness coefficient by Strickler (inner slope) LOG |0.015 0.00375 300 0.5
theta rolling resistance angle LOG 143 3 600 0
me model uncertainty erosion inner slope LOG [1 0.5 1500 0.4
|_piping piping length LOG |57.6 11.9808 200 0
tanalphai inner slope angle NOR [0.329877474 |0.049481621|150 0
d_aquifer aquifer thickness LOG |18.6 8.5188 200 0
d_topLayer impermeable top layer thickness LOG 2.5 1.1125 200 0
h d dike height NOR [10.55 0.2 300 0
cg grass quality coefficient DET |1000000 - - -
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LocatielD

Dr411.33

X y z WaterstandID _|zmin vaknummer
169250 427050 10.13|Dr41L.33_River|7.44 1410006061
name description type |mean stdev xle rho X
k z specific permeability LOG |5.79E-04 4.63E-04 600 0
mh model uncertainty head difference for heave LOG |0.8 0.08 999999 1
mp model uncertainty Sellmeijer LOG |1 0.08 999999 1
m0 model uncertainty critical head difference for heave LOG |1.2 0.12 999999 1
gamma g volumetric weight of the grains NOR |27 1.35 300 0
gamma_sat  |saturated volumetric weight of the impermeable top layer|NOR [17.2 0.36 300 0
eta White constant (sleepkrachtfactor) LOG [0.3 0.045 999999 1
d_70 70th percentile of the grain distribution (sieve curve) LOG [3.71E-04 5.57E-05 180 0
h_hinterDefaultlhydraulic head hinterland NOR |6.4 0.83 999999 1
K roughness coefficient by Strickler (inner slope) LOG |0.015 0.00375 300 0.5
theta rolling resistance angle LOG /43 3 600 0
me model uncertainty erosion inner slope LOG |1 0.5 1500 0.4
|_piping piping length LOG |51.7 15.0447 200 0
tanalphai inner slope angle NOR |0.704590818 |0.105688623|150 0
d_aquifer aquifer thickness LOG |17 2.55 200 0
d_topLayer impermeable top layer thickness LOG 3.8 1.3034 200 0

h d dike height NOR [10.13 0.2 300 0
cg grass quality coefficient DET |1000000 - - -
LocatielD

Dr41L34

X y z WaterstandID _|zmin vaknummer
167450 427750 10.68Dr41L.34 River|6.26 1410006063
name description type |mean stdev xle rho_x|
k z specific permeability LOG |5.79E-04 4.63E-04 600 0
mh model uncertainty head difference for heave LOG [0.8 0.08 999999 1
mp model uncertainty Sellmeijer LOG |1 0.08 999999 1
mO0 model uncertainty critical head difference for heave LOG [1.2 0.12 999999 1
gamma_g volumetric weight of the grains NOR |27 1.35 300 0
gamma_sat  |saturated volumetric weight of the impermeable top layer|NOR [16.9 0.345 300 0
eta White constant (sleepkrachtfactor) LOG 0.3 0.045 999999 1
d 70 70th percentile of the grain distribution (sieve curve) LOG [3.71E-04 5.57E-05 180 0
h_hinterDefaulthydraulic head hinterland NOR |5.2 0.14 999999 1
K roughness coefficient by Strickler (inner slope) LOG |0.015 0.00375 300 0.5
theta rolling resistance angle LOG 143 3 600 0
me model uncertainty erosion inner slope LOG [1 0.5 1500 0.4
|_piping piping length LOG |67.4 4.1114 200 0
tanalphai inner slope angle NOR [0.32996633  |0.049494949|150 0
d_aquifer aquifer thickness LOG |30.5 4.575 200 0
d_topLayer impermeable top layer thickness LOG 2.8 0.2016 200 0
h d dike height NOR [10.68 0.2 300 0
cg grass quality coefficient DET |1000000 - - -
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LocatielD

Dr411.35

X y z WaterstandID [zmin vaknummer
165150 425750 8.95 |Dr41L35 River|6.95 1410006068
name description type |mean stdev xle rho X
k z specific permeability LOG|5.79E-04 4.63E-04 600 0
mh model uncertainty head difference for heave LOG|0.8 0.08 999999 1
mp model uncertainty Sellmeijer LOG|1 0.08 999999 1
m0 model uncertainty critical head difference for heave LOG|1.2 0.12 999999 1
gamma g volumetric weight of the grains NOR|27 1.35 300 0
gamma_sat  |saturated volumetric weight of the impermeable top layer|NOR|17 0.35 300 0
eta White constant (sleepkrachtfactor) LOG|0.3 0.045 999999 1
d_70 70th percentile of the grain distribution (sieve curve) LOG|3.71E-04 5.57E-05 180 0
h_hinterDefaultlhydraulic head hinterland NOR|5.4 0.22 999999 1
K roughness coefficient by Strickler (inner slope) LOG|0.015 0.00375 300 0.5
theta rolling resistance angle LOG 43 3 600 0
me model uncertainty erosion inner slope LOG|1 0.5 1500 0.4
|_piping piping length LOG|55 4.4 200 0
tanalphai inner slope angle NOR|0.395079595 |0.059261939|150 0
d_aquifer aquifer thickness LOG|[14.5 1.0875 200 0
d_topLayer impermeable top layer thickness LOG|3.6 1.098 200 0
h d dike height NOR|8.95 0.2 300 0
cg grass quality coefficient DET [1000000 - - -
LocatielD

Dr41L36

X y z WaterstandID |zmin vaknummer
163550 426850 9.46 |Dr41L.36 River|6.33 1410006069
name description type |mean stdev xle rho X
k z specific permeability LOG|5.79E-04 4.63E-04 600 0
mh model uncertainty head difference for heave LOG|0.8 0.08 999999 1
mp model uncertainty Sellmeijer LOGI1 0.08 999999 1
mO0 model uncertainty critical head difference for heave LOG|1.2 0.12 999999 1
gamma_g volumetric weight of the grains NOR|27 1.35 300 0
gamma_sat  |saturated volumetric weight of the impermeable top layer|NOR|16.9 0.345 300 0
eta White constant (sleepkrachtfactor) LOG|0.3 0.045 999999 1

d 70 70th percentile of the grain distribution (sieve curve) LOG|3.71E-04 5.57E-05 180 0
h_hinterDefaulthydraulic head hinterland NOR|5.1 0.46 999999 1
K roughness coefficient by Strickler (inner slope) LOG|0.015 0.00375 300 0.5
theta rolling resistance angle LOG|43 3 600 0
me model uncertainty erosion inner slope LOG|1 0.5 1500 0.4
|_piping piping length LOG |57 8.265 200 0
tanalphai inner slope angle NOR|0.394822006 |0.059223301/150 0
d_aquifer aquifer thickness LOG|18.9 1.3608 200 0
d_topLayer impermeable top layer thickness LOG|3.8 1.2654 200 0
h d dike height NOR|9.46 0.2 300 0
cg grass quality coefficient DET [1000000 - - -
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LocatielD

Dr411.37

X y z WaterstandID [zmin vaknummer
161750 427250 8.95 |Dr41L.37_River|5.87 1410006070
name description type |mean stdev xle rho X
k z specific permeability LOG|5.79E-04 4.63E-04 600 0
mh model uncertainty head difference for heave LOG|0.8 0.08 999999 1
mp model uncertainty Sellmeijer LOG|1 0.08 999999 1
m0 model uncertainty critical head difference for heave LOG|1.2 0.12 999999 1
gamma g volumetric weight of the grains NOR|27 1.35 300 0
gamma_sat  |saturated volumetric weight of the impermeable top layer|NOR|17.1 0.355 300 0
eta White constant (sleepkrachtfactor) LOG|0.3 0.045 999999 1
d_70 70th percentile of the grain distribution (sieve curve) LOG|3.71E-04 5.57E-05 180 0
h_hinterDefaultlhydraulic head hinterland NOR|4.9 0.43 999999 1
K roughness coefficient by Strickler (inner slope) LOG|0.015 0.00375 300 0.5
theta rolling resistance angle LOG 43 3 600 0
me model uncertainty erosion inner slope LOG|1 0.5 1500 0.4
|_piping piping length LOG|57.2 7.3788 200 0
tanalphai inner slope angle NOR|0.395209581 |0.059281437|150 0
d_aquifer aquifer thickness LOG|20.9 0.6479 200 0
d_topLayer impermeable top layer thickness LOG|3.8 0.9956 200 0
h d dike height NOR|8.95 0.2 300 0
cg grass quality coefficient DET [1000000 - - -
LocatielD

Dr41L38

X y z WaterstandID |zmin vaknummer
157350 426650 8.72 |Dr411L.38 River|4.37 1410006076
name description type |mean stdev  |xle rho X
k z specific permeability LOG|5.79E-04 4.63E-04/600 0

mh model uncertainty head difference for heave LOG|0.8 0.08 999999 1

mp model uncertainty Sellmeijer LOGI1 0.08 999999 1

mO0 model uncertainty critical head difference for heave LOG|1.2 0.12 999999 1
gamma_g volumetric weight of the grains NOR|27 1.35 300 0
gamma_sat  |saturated volumetric weight of the impermeable top layer|NOR|16.2 0.31 300 0

eta White constant (sleepkrachtfactor) LOG|0.3 0.045 [999999 1

d 70 70th percentile of the grain distribution (sieve curve) LOG|3.71E-04 5.57E-05|180 0
h_hinterDefaulthydraulic head hinterland NOR|4.5 0.47 999999 1

K roughness coefficient by Strickler (inner slope) LOG|0.015 0.00375 300 0.5
theta rolling resistance angle LOG|43 3 600 0

me model uncertainty erosion inner slope LOG|1 0.5 1500 0.4
|_piping piping length LOG|47.6 7.0924 |200 0
tanalphai inner slope angle NOR|0.5 0.075 [|150 0
d_aquifer aquifer thickness LOG|23.7 0.474  |200 0
d_topLayer impermeable top layer thickness LOG|4.9 0.7791 |200 0

h d dike height NOR|8.72 0.2 300 0

cg grass quality coefficient DET [1000000 - - -
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Appendix D
An estimator for the consequences upon failure

In the case studies, a Crude Monte Carlo sampliag weed for deriving the failure scenarios. A
corresponding estimator for the conditional consege ED|F) is simply obtained by:

EDIF) = INX C, (D.1)

with N failure scenarios and with e consequences for failure scenario i.

In this estimator no explicit weight is put on t@nsequences as a result of a breach location. A
first order approximation is obviously present &mproximately constant values off@r breach
locations j in combination with breach locationgifi@ separately (i.e. not simultaneously within
one scenario). In that case the expression abavbearitten as:

EQIF) = (ANZnC) (En/N) (D.2)

This equation can be seen as a weighted averagegf@onsequences, with weights equal to the
probability of occurrence for failure at breachdton j.

In the Monte Carlo Sampling applied in the caselisg) no length effects were applied, i.e. the
breach location was modelled as infinitesimally Bni@cations. A breach location might in
reality be representing a section of 0.1 km andhardoreach location a section of 1 km. These
length effects are thus not present in the expyassabove. Although the absence of this effect
will be nihilated when using a sufficiently largeaunt of locations homogeneously distributed
along the dike circumference.

In the PCRing approach, on the other hand, a dilgeis divided in a number of sections of a
certain length, each with distinct properties.He PCring calculations the probability of failures
per mechanism and per dike section are availabietasnediate results before combining them
into the overall failure probability for the dikeng.

Using this information one might adopt the follogiestimator for the conditional consequences:

EQIF) = & 10 Gy )/ (X 1Ty ) (D.3)

With IT; the product of failure probabilities of sectiontij (due to a mechanism) ang the
consequence value when the corresponding scenakiolving sections i to j occurs. This is
again but an approximation as no account is giwanttie correlations between the failure
probabilities of the different sections. They areated here as independent for the sake of
simplicity. Also system effects with there impact the failure probabilities are not taken into
account. A full analysis would involve a scenarimalgsis as in section 4.2, with the same
drawbacks.

Nevertheless the approach is tested for case udigble D.1 presents the intermediate results
from the PCRing calculations in terms of beta value
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Table D.1 Intermediate results of PCRing calcutatio

B [-] (48 hrs)
Location | Piping | Overloop
Dr41L1 2.76 4.21
Dr41L10 3.49 4.31
Dr41L11 3.34 6.43
Dr41L12 3.08 3.7
Dr41L13 2.78 3.83
Dr41L14 2.76 4.21
Dr41L15 3.27 6.11
Dr41L16 2.88 10.34
Dr41L17 4.57 3.41
Dr41L18 4.98 6.69
Dr41L19 3.22 4.82
Dr41L2 2.67 6.17
Dr41L20 3.52 4.84
Dr41L21 3.49 4.69
Dr41L.22 3.35 4.35
Dr41L23 3.02 4.09
Dr41L24 4.81 4.68
Dr41L25 3.5 3.81
Dr41L26 3.08 3.7
Dr41L27 3.74 3.69
Dr41L.28 2.63 4,14
Dr41L29 4.79 4
Dr41L3 3.92 4.12
Dr41L30 3.24 3.56
Dr41L31 3.36 3.54
Dr41L.32 3.07 4.16
Dr41L33 2.77 3.76
Dr41L34 3.77 4.63
Dr41L35 4.1 3.62
Dr41L36 3.65 4.49
Dr41L37 3.78 3.89
Dr41L38 4.25 6.72
Dr41L4 4.07 4.49
Dr41L5 3.76 4.52
Dr41L6 5.02 4.16
Dr4l1L7 3.56 5.39
Dr41L8 3.83 3.47
Dr41L9 3.68 3.96
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These values were used in obtaining the valuestigpilrable D.2, calculated according to eq.
D.3 (see Table 6.7 for comparison).

Table D.2: Flood consequences for each set ofsimsnin case study 2, according to eq. D.3

Set A (11 loc.) Set B (22 loc.) Set C (38 loc})
Victims [-] 386 218 168
Damage [€] 4.03x10 2.48x10 1.96x10
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