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SUMMARY

The reliability assessment of hydraulic structures, in primary water defences before 2017, is characterised by
exceedance probabilities and implicit uncertainty. In January of 2017, the new water law enforces a change in
the assessment of primary water defences. The water law requests a probability of flooding when assessing
the safety requirements. The studies of VNK1 and 2 are based on this new safety approach and provide back-
ground information and a basis for the new water law. A failure probability and explicit uncertainties provide
an increase of reliability in the safety judgement of primary water defences and more specifically hydraulic
structures. The aim of a more reliable assessment procedure is to some extent limited by the tools prescribed
by the water law. The assessment tool Riskeer does not allow the engineers to have transparency in calcula-
tions results, which prevents insight into the model behaviour and contribution to the failure probability.

To investigate the mechanics contributing to the overall failure probability for hydraulic structures, analysis
of the limit states, failure mechanisms and Riskeer software were performed. The results of the analysis were
incorporated into a reference model to validate the suspected mechanics. The input for the reference model
was a sensitivity analysis and case study, which cover the assessment tracks of Non-Closure and Strength and
Stability for hydraulic structures. The aim of this reference model was not to replace the Riskeer software but
describe the mechanics in the correct way.

Analysis of the schematisation manual and previous assessment software (Ring toets) provided the incorpo-
rated failure mechanisms and the specific model that was used to obtain the limit state. Additionally, a fault
tree defined how the different failure mechanisms are related. The knowledge of the fault trees combined
with sensitivity analysis provided information about the largest contributors to the overall failure probability,
regarding resistance and solicitation variables. The dominant solicitation factor in all failure mechanisms
was the water level difference. The resistance factor was dominated by the failure probability of Non-Closure
in the gate and the strength of a gate element.

In the comparison of the reference model with the Riskeer software, the results were similar but not accurate
enough to replace one with another. The reference model was significantly influenced by the approximation
in the hydraulic boundary condition, which is formed by assuming a distribution for the water level, wave
height and wave period.

In the testing of the Riskeer software, the software results showed a difference between two levels of the fault
tree. The lower level describes the fault tree including all mechanisms and sub-mechanisms. The top level
shows the top probability of the fault tree on which extra simulations of scenarios are executed. The Riskeer
software showed the top level as the final result, however, the reference model only describes the lower level.
The extra simulations work in a conservative capacity and cannot be assessed by the reference model.

The main processes in the fault trees were validated by the reference model, as is shown by their characteris-
tics in the sensitivity analysis. Together with the temporary calculation results, a rough validation of the input
parameters was feasible in the lower level. In contrast to the top level, where numerous scenarios were simu-
lated without any transparency to what these values entail. The sensitivity analysis also showed the difference
of the two levels over the different variables, which is a (almost constant) significant difference.
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INTRODUCTION

1.1. BACKGROUND

The managers of primary water defences need to check if their structures satisfy the legal safety requirements
at least once every 12 years. The current assessment instrument used in the checks is called ‘WBI’, which
applies from 2017 to 2023. The assessment instrument integrates the new safety norms which apply from
01-01-2017 (Staatscourant, 2016) . The WBI software is part of the national reliability assessment for flooding
of Hydraulic Structures in the Netherlands.

The WBI process (calculation method 2017) consists of several parts(Deltares, 2017a, Staatscourant, 2016).
The part specified in this research is the assessment software. This step is schematised in blue in the process
description below. Prior to the assessment calculation, the schematisation software is used to formulate
the hydraulic boundary conditions. The software (Hydra-NL) and methods used to acquire the hydraulic
boundary conditions are assumed correct and constant throughout the report.

Safety assessment procedure:
Procedure/norms — assessment criteria — assessment (data stream) — evaluate results — safety

Data stream:
Acquire data — schematisation software (loads) — assessment software (Riskeer) — report

The aim of the procedure is to calculate the probability of failure for the specified dyke section. The function
of the assessment software (Riskeer) is to evaluate the probability of failure per flooding mechanism.

1.2. PROBLEM DEFINITION

As stated in Section 1.1, the assessment software (Riskeer) is only used to evaluate the probability of failure in
a single dike section. The total dyke segment failure probability can be obtained by combining the sections.
To acquire the probability of a section, in this case a hydraulic structure, input data is needed. The software
receives a schematisation (in the form of deterministic or distributed values) of the situation and uses a prob-
abilistic calculation core and failure mechanisms to come to an overall probability of failure. However, the
assessor cannot see, nor check, any intermediate results and is uninformed which processes are considered
and contribute the most to the final result. Furthermore, a dyke administrator cannot see which specific
aspects of a rejected dyke section need to be adjusted in case of possible improvement measures.

In current practices, the software prevents validation of the end results. The intermediate result cannot be
checked and accordingly the only changes that can be made are the input parameters. The software used
for assessment is currently still in development but parts are already used in the field of assessment. Chang-
ing the input parameters as a result of measures will cause changes in the failure probability, but how these
changes manifest themselves are unknown. This process makes it difficult and time-consuming for the as-
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sessment to be carried out.

1.3. OBJECTIVES

The main objective of this thesis project is to understand the mechanics behind the reliability assessment
software (Riskeer). The basic idea is to build a reference model, which calculates the assessment tracks with
the same processes as the software Riskeer. The calculation can then be used to formulate tools to see the
effect of changes (measures). The objective is formed within the frame of a case study. Assessing the structure
in the case study provides a realistic context to the data input. Given the time limit, in which this research is
organised, only two assessment tracks for hydraulic structures are used to reach the objectives. The chosen
tracks are Non-Closure and Strength and Stability for hydraulic structures, which is based on their dominance
in the failure probability. The organisation of the failure mechanisms can be seen in figure 1.1.

The second objective is to conduct a sensitivity analysis of the WBI software to capture the influence lines of
the schematisation. This provides grip on the outcome using a graphic validation. A further outline of the
report is given in Section 1.6.

1.4. RESEARCH QUESTIONS

To provide an answer to the problem, the research question needs to be formulated. From which a number
of sub-question are derived. The research question is:

“Which underlying models are used and what is the influence on the final result in the new assessment soft-
ware WBI for hydraulic structures?”

The sub question’s that will contribute to solving the problem are:

1. How are the specific failure mechanisms incorporated in the WBI2017 (Riskeer) for hydraulic struc-
tures?

2. What type of uncertainties are used in the assessment and how are those accounted for in the calcula-

tion method?

Which variables contribute the most to the failure probability?

4. How do parameter changes in the schematisation affect the behaviour of the model?

w

1.5. RESEARCH METHOD

The start of the thesis consists of a literature study, which provides the background and basis from which the
starting points and limitation can be formed. The two assessment tracks and a sensitivity analysis are used to
answer the research question. In this research, an in-depth approach is chosen instead of an overall problem
and risk assessment of the program WBI2017. The chosen tracks are applied on a case study. The case study
provides context in which the different effects can be made clear. Additionally, it can be used to validate the
calculation method of the reference model.

The track of Non-Closure is well defined in the schematisation manual (Deltares, 2017b) and in the corre-
sponding documentation (Deltares, 2006, 2017a, Staatscourant, 2016, Steenbergen, 2008, Van Westen, 2013).
This track is analysed first as an introduction followed by the track of Strength and Stability as these form the
most important contribution to the failure probability in hydraulic structures. The mechanisms for overtop-
ping and overflow have big tolerances before failure in the current standard and are not dominant assessment
tracks in most cases.

After this, the focus is turned to the sensitivity analysis. It captures the influence lines of the calculation core
and incorporated mechanisms. The sensitivity analysis is performed on the software Riskeer and reference
model, applied on the available project in the case study. There are different approaches to a sensitivity
analysis, namely:

1. Vary a single parameter in each scenario while other parameters for the model set-up are the same.

2. Vary two parameters in each scenario to simulate a possible dependency between them, while other
parameters remain the same.

3. Vary n parameters in each scenario.
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The biggest difference is the computational work where option 1 is most feasible and option 3 can require a
long computation time. In this research mainly option 1 is used as the software requires manual input. When
a known dependency relation is expected, a more advanced calculation is used in the form of option 2.

Falen waterkering

OF

OF I OF IDF.

. Erosie + Erosie
; I lichaam lichaam
i gl
e e [P o o =

i

& o

Falen duiting

Falen overgangs-
comstructie
duinafslag

Falen
Macrostabiliteit
piping
microstabilitelt
Erosie binnentalud
afschaiving
binnentalud
Erosie buitentalud
afschuiving
buitentalud

len door
Falen door
langsstroming
Falen door
golfklap
Falen door
uit
Afschuiving
bultentalud
Toplaag
imstabiliteit

Figure 1.1: Failure mechanisms WBI-2017 (Deltares, 2017a)

1.6. READING GUIDE

The structure of the report roughly follows the order of the sub-questions, presented in Section 1.4. The in-
formation concerning current and previous assessment programs is presented in Chapter 2 to provide insight
in why this specific direction is chosen. After considering all aspects of the WBI program, Chapter 3 focuses
on the solutions for the assessment tracks. The different failure mechanisms are decomposed into parts and
further examined. The assessment tracks provide a first indication of which variables are large contributors.
Chapter 4 describes a case study, in which the different assessment tracks are used to assess the failure proba-
bility. The failure probability is calculated with two models to gain insight in the dynamics of the assessment.
In Chapter 5, the sensitivity analysis, based on the case study, provides a more quantitative approach to de-
fine input influence lines. An overview of the answer to each of the sub-questions as well as the research

question is presented in Chapter 6, followed by a list of recommendations for future research that finalises
the content of the report.






SAFETY ASSESSMENT IN THE NETHERLANDS

2.1. BACKGROUND

Since the founding of the Delta commission, the safety of flooding is an important topic within the Nether-
lands. In time, large developments have been made in the understanding, constructing and assessing of the
flood protection works in the Netherlands. In 2014, a safety approach has been introduced to determine more
explicit and balanced the flooding risk in the Netherlands. More recently (01-01-2017), the norms which re-
sulted from the safety approach have been introduced in the legal standards (Slootjes and Van der Most,
2016).

The legal standards are registered in the Water Act of the Netherlands. An important aspect of the Water
Act is the obligatory checks at least every 12 years, in which the flood defences will need to comply with
the standards. The checks and legal standards are implemented in the enforced assessment programs. Since
1996, the dykes, dunes, lakes and essential hydraulic structures are checked every 5/6 years by the assessment
programs with the current standards (Deltares, 2006). The assessment programs are continuously under
development where new knowledge, insight and experience are combined. The programs run for 6 years
after which the newest requirements and assessment techniques are added to form a new program. Some big
developments within the programs are (Slomp, 2006, Van Westen, 2005):

* Probability of exceedance of water levels compared to the critical water level (1960);

* Probability of exceedance of water levels compared to the dike height (1996, conservative safety fac-
tors);

* Probability of failure of a dike segment (2017, failure probability).

Currently, the new program is active for the period of 2017 to 2023. The new program includes the new legisla-
tion of required safety levels within a dyke segment. The new safety levels are acquired by evaluating the indi-
vidual risk, societal risk and economic risk of the protected area (dyke ring) including all flood defence objects
(Staatscourant, 2016). This is a large change in comparison to the previous program (2011-2017). The new
safety philosophy is described in the studies of VNK1/2 (Safety assessment of the Netherlands) (Van Westen,
2005, 2013). The studies of VNK answer the question "What are the probabilities and consequences of flood-
ing?, whereas a legal assessment quantifies if the flood defence satisfies the legal requirements.

The results of the assessment provide information on the failure probability of segments to maintain their
water-retaining function. The secondary objective is to use the results as an indicator for reinforcements
programs and disaster management. Moreover, this will provide a more efficient and cost-effective way to
renew flood defences as it will coincide with big investment cost. The available investments budget can thus
be used in an efficient manner to increase the flood risk safety in that year.
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2.2. WBI

The assessment program of 2017 is a new concept. The program includes the new design philosophy in
which the failure probability of a dyke segment is calculated. The height of the failure probability per seg-
ment is a political decision based on a cost-benefit and risk assessment. The assessment program comes
with procedures and instruction on the safety assessments, determination of hydraulic loads and strength.
The new developments and changes consist of a different approach to the evaluation of risk. Moreover, the
new program will more accurately expect deficiencies of flood defences. The changes can be summarised as
(Deltares, 2017a):

Calculating a dyke segment instead of a dyke section

Determination of the actual failure probability

More explicitly incorporate uncertainty in the assessment approaches

Introduction of the standard contribution of failure mechanisms (failure probability budget)

S

These steps are combined in the following model (Deltares, 2017a), as mentioned in Section 1.1.

Model:
1. procedure/norms — 2. assessment criteria — 3. assessment (data stream) — 4. evaluate results — 5. safety

Data stream:
3A. acquire data — 3B. schematisation software (loads) — 3C. assessment software (Riskeer) — 3D/4. report

The data stream starts with step 3A acquiring data from a particular section of the dyke segment. From this
data, the relevant failure mechanisms can be determined, verified by formulated criteria. Once a failure
mechanism is applicable, the schematisation software (step 3B) can be used to examine the magnitude of the
loads. In step 3C, the loads and resistances factors come together for a more advanced assessment where the
software uses a probabilistic approach to determine the probability of the failure mechanism. If the results
are not as expected (based on experience and knowledge), expert judgement can be used to dismiss the result.
Finally in step 3D, the result can be reviewed, after which a report of the findings is presented.

To streamline this process, an integrated tool keeps track on which level a failure mechanism is checked.
The tool consists of three customised tracks. The process of the tracks is from coarse to fine, starting with
track 1 and ending with track 3. The tracks start with searching for characteristic items which will prevent
the occurrence of the failure mechanism followed by a more detailed look. In this tool, track 1 is the simple
assessment, track 2 is the advanced assessment and track 3 is the detailed assessment (Deltares, 2017a).

Eenvoudige tosts toals afp maat
par vaksTostasmoor
wverder tostsen faalkans verwaarloosbaar bahaerdersaordeal

locatiaspacifinka

analyse

Gadatalllesrds toats

geavanceardsa

toetsoordes] analysa

Gadatailkerds toats per | pervakftostsepoar  —

wvaktostespoar

Gedetalleerde toets per frafect

e m—

. e
_‘::ﬂ—-ﬂ' Keuzs e
= Wervalgstagpen "
— R

Figure 2.1: Assessment judgement per track (Deltares, 2017a)

The assessment uses schematisation guidelines to form the right parameters for the different tracks. The
reference level for the schematisation is dated to the end of the assessment period 2023.

Track 2 is programmed in the probabilistic environment of Riskeer, after failing track 1, in which the schema-
tisation guidelines are used to calculate the failure probability. In case that, track 2 does not suffice, but there
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are strong indicators for a sufficient failure probability, a detailed test can be used to make an additional anal-
ysis to justify the indicators. The additional analysis can consist of an expert judgement, location-specific and
advanced analysis. The probabilistic model (Track 2) will follow the analysis process. The program does not
include a probabilistic calculation for all failure mechanisms, as it is still in development. However, these are
provided by the stand-alone programs.

2.3. RISKEER

Riskeer is an assessment program which executes step 3C of the data stream, formerly called Ringtoets. The
user supplies a schematisation in which analyses of the strength can be made using the predefined model.
The primary functions of Riskeer are determining of relevant hydraulic loads, a detailed assessment and reg-
istration of results (Deltares, 2017a).

The program is continuously under development where more and more failure mechanisms are implemented,
keeping an overview of all relevant mechanisms. In 2018, an important step will be made to integrate the de-
tailed assessment on dyke segment level. The current state of the program environment (07-2017, V17.1.1) is
depicted in figure 2.2.

Figure 2.2: Interface for the model in the WBI2017 (Riskeer)

2.3.1. HYDRAULIC LOADS

The schematisation software for loads is named Hydra-NL. The software is consistent with the calculation
principle of WBI2017, using the same probabilistic model (Duits, 2017). The statistics of hydraulic loads are
determined for the use in the assessment of primary dykes and hydraulic structures. However, the software
can be used for all purposes where hydraulic loads are relevant. The Hydraulic loads contain predicted water
levels, wave conditions and overtopping rates. The model and data uncertainty is an important aspect and
needs to be in line with the WBI2017 calculations. How the uncertainty is integrated with the WBI assessment
is explained in the next section.

Hydra-NL divides the Netherlands into seven water systems. Each system has distinctive influences which
originate from seas, rivers and lakes. The combination of these influences will determine the boundary condi-
tions from which hydraulic loads can be derived. Hydra-NL can take location specific elements into account,
such as bottom profiles (Duits, 2017). This level of detail is required for assessment of dyke heights, where
failure mechanisms are based on wave run-up, overflow and overtopping.

2.3.2. UNCERTAINTY WITHIN THE ASSESSMENT

In the program, there are two types of uncertainties, namely natural uncertainty and knowledge uncertainty.
In the previous assessment programs uncertainty was incorporated into the model but not explicitly. The
form of uncertainty was then presented by conservative safety factors, whereas nowadays uncertainty is ex-
plicitly included as every variable is assigned a distribution. The uncertainty is expressed in the standard
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deviation of the variable, which can be determined by experiments, models or justified by expert judgement.
More importantly, the user can now see how much uncertainty is coupled to a certain parameter. At the
moment, not all failure mechanisms are included in by this approach, but more and more are added to the
assessment program (Deltares, 2006, 2017a).

When looking at the hydraulic load, natural uncertainty is the most governing one. The process of modelling
hydraulic loads distributions is done with statistical data (measurements) which is transformed into prob-
ability density functions (PDF). An appropriate distribution is usually found for the recorded observations.
The extreme values are often of importance for assessments. The extreme values are obtained by statisti-
cal extrapolation from these observations and are situated in the tail of the cumulative distribution function
as the probabilities of occurrence become smaller. However, the extrapolation techniques bring additional
uncertainty, but the amount of which is quantifiable with multiple synthetic extrapolations. The 90% confi-
dence interval of the synthetic extrapolations represents the uncertainty spread in the fragility curve of the
hydraulic load (water level) (Diermanse, 2016).

2.3.3. FAILURE PROBABILITY BUDGET

In a failure tree, all mechanism contribute to the final probability of flooding, depending on the connecting
gate (AND & OR). The connecting gate determines if the connecting probabilities are then multiplied (AND)
or summed (OR). Assuming mechanisms consists of all OR gates is a good measure to estimate the top bound-
ary. For example if 3 elements are connected, namely piping, instability and overtopping. The top boundary
would be:

Flooding probability section 1A <= Pipiping + Plinstabitity + Plovertopping

Flooding probability section 1A <= (1/3000) + (1/2000) + (1/100) = 0.010833

The top element needs to stay beneath the required failure probability (Pfequired). To achieve that total prob-
ability, the elements below the top element have to make suitable combinations which together form the
top probability. However, there are numerous combinations possible by for example switching the proba-
bilities of piping and overtopping. These combinations are registered in the failure probability budget. The
standard values of the budget are presented below. In a semi-probabilistic calculation these values are set
in advance but for a full probabilistic calculation, one can deviate from the standard values if this leads to a
more balanced distribution.

Table 2.1: Probabilistic budget (standard (Deltares, 2017a))

Flood defence Part  Failure mechanism Type
Sand Dyke
Dyke Overtopping 0 0.24
Piping 0 0.24
Macro stability 0 0.04
Damage Revetment 0 0.10
Hydraulic structure  None-closure 0 0.04
Piping 0 0.02
Structure failure 0 0.02
Dune Dune erosion 070 0
Other 0.30 0.30
Total 1 1

The lower the percentage, the larger the required failure probability for that element. The budget is an esti-
mate of what the average contribution is of each failure mechanisms. For example, a hydraulic structure has
a required failure probability of 1/3000 per year. The required failure probability of the failure mechanisms
(figure 3.1) is:

Pk overtopping: 1/3000 * 0.24 = 1/12500 PE dlosure: 1/3000 * 0.04 = 1/75000.
PE piping: 1/3000 * 0.24 = 1/12500 Pk structure failure: 1/3000 * 0.02 = 1/150000.



ASSESSMENT OF HYDRAULIC STRUCTURES

3.1. ASSESSMENT TRACKS

The Hydraulic Structures assessment track forms a small part in the overall failure probabilityof a dyke seg-
ment. The fault tree is specified in figure 1.1 where only the red framework is considered. The assessment
track takes the following failure mechanisms into account:

Overflow and overtopping;
Non-Closure;

Structural Strength and Stability;
Piping.

e

All elements contribute to the failure probability according to the failure probability budget, Section 2.3.3.
The assessment of piping is not incorporated in the full probabilistic approach and uses semi-empirical cal-
culation methods in combination with a semi-probabilistic approach. The remaining assessment tracks are
all included in the full probabilistic approach using the software Riskeer. The Riskeer calculation is only fea-
sible for projects where the assessments tracks can be verified by a probabilistic calculation.

Overtopping Non-closure Piping Structural failure

. . A

Figure 3.1: Failure mechanisms hydraulic structures (Jonkman, 2017)

As indicated in Section 1.5, only two assessment tracks are studied. In this research, the tracks 'Non-Closure’
and ’structural Strength and Stability’ are chosen. The track of Non-Closure is well defined in the schemati-
sation manual (Deltares, 2017b) and in the corresponding documentation (Deltares, 2006, 2017a, Staatscour-
ant, 2016, Steenbergen, 2008, Van Westen, 2013). The documentation provides a quick start in resolving the
limit state function. This step also shows the difficulties that occur in the assessment process. The track Non-
Closure is followed by the track of Strength and Stability. The track of Strength and Stability is in practice a
governing contributor to the overall failure probability. Moreover, these tracks will produce the most valu-
able data in daily practice. In contrast to the mechanisms based on height (overtopping and overflow), where
hydraulic structures follow the same principle as in dyke sections.

In conclusion, the track Non-Closure is analysed first as an introduction, followed by the track of Strength and
Stability as these will form the most important contribution to the failure probability in hydraulic structures.
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3.2. CALCULATION OF THE FAILURE PROBABILITY

The limit state function (Z) used in the calculation comprehends a resistance (R) and solicitation (S) factor.
Failure occurs when R<S. The limit state function is used to determine the failure probability. In general, the
probability of failure Py is expressed in a failure probability per year. In many cases, the failure probability
is expressed as a reliability index (). The limit state function and failure probability are given below. In
which, fs(h) is the probability density function of hydraulic load levels and Fgr (h) the cumulative distribution
of resistance given a certain hydraulic load level (Jonkman, 2017).

Z=R-S
Pr=P(Z<0) =f fs(h) % Fr(h)dh

The reliability index § can be transformed to a failure probability by Py = ®(—f). The table below provides
an example of the relation between P; and . The limit state function can be solved (full probabilistic) with
either numerical (level III) or approximating (II) methods. An example of level II and IIT are Monte Carlo and
FORM, respectively. The program Prob2B and the corresponding Matlab calculation files offer both methods.

Table 3.1: B index

p; 10! 102 10% 10% 10° 10% 107
B 128 232 3.09 372 427 475 520

HYDRAULIC LOADS

The hydraulic load drives the solicitation for most of the failure mechanisms of Non-Closure (Section 3.3
)and Structural Strength and Stability (Section 3.4). The assessment software Riskeer uses the schematisa-
tion software (Hydra-NL) to calculate the water level at a specific location. The data, originating from the
schematisation software, is then automatically imported into Riskeer. In this report, the solicitation variable
is determined using the schematisation software. The origin and underlying processes of the data from the
schematisation software is not be incorporated in this study.

The determination of the hydraulic loads comprehends a process, as indicated in Subsection 2.3.1, which
cannot be time efficient reproduced. A reference distribution is a compromise which can describe the prob-
ability density function within some margins of the original distribution. A suitable parent distribution for
describing extreme maximum water levels is the Gumbel distribution. The program Hydra-NL is the source
of the water level data used for the reference distribution. This approach is only based on a specific location
and data changes per location. This means that in every calculation the correct solicitation curve needs to be
defined. In the case study project this is manageable, but in general a very arbitrary process. The hydraulic
loads can consist of water level, wave height and wave period and all are determined below.

Return period [years] Water level [m] 10" Exceedance probability
50 3.75 2F : gﬁ‘::::fz 7,028 | |
100 3.95 0 Gumbel(2.15,0.35)
300 4.27 103
1000 464 =
6000 5.22 1074F
10000 5.39 o5k
50000 5.95
100000 6.19 108 .
25 3 35 a .

Table 3.2: Hydra-NL water level RD(x,y)[km]:
(62307.9, 427669) Figure 3.2: Water level Gumbel fit

The return periods of water levels acquired from Hydra-NL (location Zuiderdiep) are presented above on the
left. To the right is the comparison of the survival curves between the Gumbel distribution and the Hydra-NL
curve, where R presents the return period and W the occurring water level. The parameters are chosen based
on a fit of the data point originating from Hydra-NL.
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A big distinction is that the Gumbel distribution either has a good fit in the tail of the CDF or more near the
mean. Depending on the area of overlap between R and S in the calculation, both Gumbel types can be used
to more accurately reproduce the water level from Hydra-NL.

Hydra-NL also provides the return periods for the wave height and wave period at the structure Zuiderdiep.
The data from Hydra-NL is presented on the left and the survival curves are displayed on the right. The signif-
icant wave height is estimated using a two-parameter Weibull distribution and shown on the left in the figure
below. Two common distribution where used in the fitting (the Rayleigh and Weibull distribution) a better fit
was found with the Weibull distribution. The wave period is estimated using a Lognormal distribution and
shown on the right.

Exceedance probability Exceedance probability
107! T T 10°1 T T T T T
© HydraNL . © HydraNL
Weibull {1.22,16.2) Log(1.05,0.15)
2 Weibull (1.22,14) )

107 Weibull (1.24,13.5) 107°F

10 103
= C)
o o

1074 107

105k 10°°

10°¢ 10°€

1 15 2 25 3 35 3 35 4 45 5 55 8
H (m) T(s)

Figure 3.3: Data fit of the wave height and wave period
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3.3. ASSESSMENT TRACK NON-CLOSURE

The track of closure failure consists of multiple mechanisms which could occur if an open connection is
present between the inner and outer water systems. When water flows through the open gap, driven by a
water level difference, different mechanisms could occur which cause flooding in the dyke ring. The type and
function of the structure determines how often this scenario could occur. In the case of a gravity discharge
culvert, this is once or twice a day depending on the water level difference.

Falen kering door falen
sluiting

Zxx: deelfaalmechanisme

Falen door instroming Falen sluiting

Overschrijden bergend Falen door erosie

Falen sluitproces Falen herstel achteraf
vermogen bodem

Bezwijken KW als gevolg Bezwijken bodem-
van erosie bodem bescherming achter KW

Figure 3.4: Fault tree Non-Closure (Staatscourant, 2016)

The fault tree shows how the mechanisms are connected and the underlying relation. In Figure 3.4, an
overview of the fault tree is provided for the assessment track of closure failure. The fault tree consists of three
potential failure mechanisms, namely failure by inflow, structural failure by scouring and closing failure. For
a failure event to occur the two main branches of the fault tree need to have a probability of occurrence larger
than 0. Once an event is possible each item contributes to the failure probability according to the type of
connection (AND & OR bridge). The items are specified by their limit state function. In Figure 3.4 all items
with limit states are numbered (Zxx) in the fault tree.

The behaviour of the gates determines how the items are interacting with each other. In reducing the overall
failure probability, it is among other things important to understand how measures can be applied optimally.
The two gate types used in the fault tree can be specified by:

The AND gate: the failure probabilities can be multiplied Py * P, = Py.
The OR gate: the final probability can be calculated according to Pgy + Pra — Py1 % Pra = Py.

3.3.1. CLOSING FAILURE

When a high water level is expected/occurs, the gates are closed. The closing of the gate has a failure probabil-
ity defined by the type of closure mechanism. In case the closing procedure does fail, there is still a possibility
for repair of the gate during the high water level duration. The probability of repair is hard to define as multi-
ple factors come to together. For example, the source of failure and the availability of material necessary for
repair. Often, failure of repair is assumed to be Pf = 1 and therefore always immediately fails. Once the gate
is broken/stuck, the inflow of water is inevitable. The assumption of impossible repair is rather conservative
but not critical if the probability of closure failure is low. The guidelines of hydraulic structures describe the
occurring closing failure probability (Beem, 2003). When this is not the case, a detailed analysis will define a
more the realistic failure probability for closure repairability providing a lower overall probability.
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PART Z23: CLOSURE FAILURE

The probability of an open gate is determined by the amount of open time divided by the total time in one
year. For example, a culvert discharges 12 hours every week: Pf = (12*52)/(365*24)= 26/365. Every time the
gate is open, there exist a chance that the gate will not close again. The two parts are combined in Z23 closure
failure. The chance a gate cannot close is defined by the standards of Leidraad kunstwerken (Beem, 2003).
The standards provide an upper and lower boundary for certain type of gates. An Uniform distribution with a
mean of zero is used to incorporate the failure mechanism into the probabilistic environment. The limit state
is given by: Z = —®@(p f closure failure) — U (0, 1)

PART Z24: REPAIR FAILURE

The probability of failure in repairing a faulting gate is determined by numerous factors and is not so explicit
as Z23. In a first instance, the probability is taken 1 and will always fail (Pf = 1). As mentioned before, this
is very conservative but is only determined when necessary. This assumption makes the actual failure prob-
ability less realistic. The repair needs to close the opening in which all means can be used. An example of
a repair measure could be the use sand bags or obstacles to close the opening before too much water pours
in. Aspects that need to be accounted for are the size of the opening, duration of the high water and cause of
failure. The limit state is given by: Z = —®(P frepair) — U(0,1)

3.3.2. FAILURE BY INFLOW

Once inflow is established, water enters the water body behind the structure. The area is not filled immedi-
ately as some space is usually reserved as retention area. This means that first, the storage volume needs to
be exceeded before flooding occurs. This process is described by part Z21. The inflow could cause high flow
velocities when a significant water level difference is present. When the flow velocity exceeds the critical ve-
locity of the bed particles, scouring will occur. This process is described by part Z22. Scouring of the bed does
not necessarily mean that structural failure will occur, but as time and scouring progresses the probability of
instability becomes higher. Below the mechanisms are specified by their limit state.

PART Z21: FAILURE BY INFLOW
The Z-function is based on a simple mass balance equation. When the maximum storage volume is exceeded,
inundation will follow. The function is given below, where flow velocity (u) is determined by the inflow mech-
anism.

Z =Vmax—Vin

Z=AxAh—-Ag*u

The inflow mechanism differentiates into 3 models: submerged flow, critical flow and pipe flow. The models
have characteristic discharge properties which differ from one and other. In the case of pipe flow (as occurs

in the pilot cases), u is equal to:
u=0.55%m=/gxhd

PART Z22: SCOUR PROTECTION FAILURE

The scour protection will fail once the flow velocity exceeds the critical velocity. The flow velocity is deter-
mined in the same manner as part Z21. The significant parameter in the limit state is the critical flow velocity,
as it determines if the scouring is possible. The stability of stones in flowing water is based on the formulas of
Shields, Izbash and Pilarczyk for the corresponding situations. The limit state is given by the critical discharge
minus the incoming discharge. If Z < 0 scouring is possible.

Z=(cr*Bsp—\/2%xgxAH* Agt

PART Z12: STRUCTURAL FAILURE BY SCOURING

This mechanism is caused by the scouring of the bottom profile as this process exposes the structure to stabil-
ity problems. Often the probability of structural failure caused by scouring is assumed to be 1 and therefore
will always fail once erosion occurs. The assumption of immediate failure is very conservative and none of
the properties of the structure are taken into account. However, the assumption is in most cases not dom-
inant in the determination of the overall failure probability. The gain in failure probability is not worth the
calculation time of the revised stability situation. Z = ®(Pf) - U(0,1)
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3.4. ASSESSMENT TRACK STRUCTURAL STRENGTH AND STABILITY

The track of Strength and Stability consists of three independent aspects structural, stability and collision.
The mechanism of collision is relevant for hydraulic structures which apply for the necessary conditions of
collision for example locks. The track of instability concerns the failure of a hydraulic structure by the means
of instability of the soil or structure. The instability causes deformations, which lead to forming of erosion.
The erosion will evolve into a breach with the consequence of flooding. The final track, structural strength,
consist of the failure of the flood wall due to the head level difference, failure of repair and failure by inflow.
Failure by inflow is discussed in Section 3.3.2 and contains the same mechanisms.

Falen Sterkte en
Z,, dealfaalmechanisme Stabiliteit

Falen door bezwijken Instabiliteit
waterkerende constructie en Falen t.g.v. aanvaring
constructieonderdelen grondlichaam

Z411 2412
con't?:;\:ﬂ:r::\ Yav Falén doorinstromial Falen herstel na k::’:.':::l tzde Falen door instroming Falen sluiting 1ste
s eltgv. romi i BV,
£ ¥ beawijken b 212,221,222 keermiddel
verval aanvaring

Falen door erosie van
bodem bij instroming na
bezwijken constructiedee|

Onvoldoende bergend
vermogen

Kans op aanvaring 2de Wl Aanvaarenergie groter
keermiddel dan kritieke waarde

Bezwijken kunstwerk Bezwijken bodembescherming
als gevolg van erosie achter kunstwerk na bezwijken
van bodem constructiedeel

Figure 3.5: Fault tree Non-Closure (Staatscourant, 2016)

Due to the extensive network of connected failure mechanisms only a short summary with important aspects
is treated below. The full description is treated in the schematisation guidelines (Deltares, 2017b). In the case
study, a full example is applied to the pilot projects in appendix B.

3.4.1. FAILURE DUE TO COLLISION

The mechanism is driven by 3 elements and an AND gate. The first flood wall is open and the vessel will
hit the second gate. The second gate must fail and the first gate cannot close after which the mechanism of
failure by inflow will need to occur to achieve a flooding event. The lock needs to satisfy even more conditions
before this mechanism is being evaluated. The mechanism is excluded if for example collision protection is
used or the if the lock is out of order during high water events. This mechanism is easy to control as only one
of the mechanism needs to have a low probability to achieve a good overall effect. The part failure by inflow is
described in Section 3.3.2. The mechanism is not a part of the case study as a collision is not possible due to
the natural and structural protection measures for the discharge sluices. The mechanism is further described
in the schematisation manuals (Deltares, 2017b).

3.4.2. FAILURE FLOOD WALL ELEMENTS
The head differences cause an additional load on the structural elements. All elements in a structure are
analysed to determine the most vulnerable part. The elements are judged if:

 high water causes additional loads;
e failure of the element causes flooding;
 the impact of flooding is significant.

Once an element satisfies the description above, the assessment is based on the most critical element. If it
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does not satisfy the requirement, the failure flood wall probability is zero. For example, if a failing element
does not cause an impact of significant flooding, such as a small pipe, it will not contribute to the overall
probability.

PART Z411: FAILURE DUE TO HEAD DIFFERENCE

The governing element is then schematised and characterised for the different values in the limit state. The
solicitation (S) is the hydraulic load and the resistance (R) the material strength. The Z function is separated
between a linear or quadratic model and given by:

Linear model:
Zyin(hy) = Riin(hy)-m; * Siin ()

Quadratic model:
Z quad = Rquad—s * Squad

In which the model factor is given m; and describes the uncertainty of how the hydraulic load translates into
the load effects.

Depending on the specified part and available data, the strength can be described by a linear and quadratic
model. The wave loads are calculated within the program Hydra-NL under the model of Goda-Takahashi.
The model incorporates the local elements, such as the berm and height, of the structure to determine the
significant wave height. If a dominant element receives a constant load over the height, the linear model can
be used. However, the quadratic model is used if the resulting head difference load is variable over the height.

The reference height is an important parameter at which the static and dynamic hydraulic loads are based. In
the linear model, the reference height is based on the specific vulnerable element. In contrast to the quadratic
model, where the reference height is based on the total structure. The method to find the governing (most
vulnerable) element is an iterative process, which can lead to multiple entries in Riskeer. This analysis will
lead to the largest failure probability.

In the linear limit state, the load is based on a single height and assumed linear for the entire force field. The
dynamic approach uses the full height of the structure and integrates the load to determine the total load on
an influence field.

PART Z412: REPAIR FAILURE

The probability of repair failure after a gate collapse in which the flood defence can maintain the retaining
function. The failure parameter Pfiepa; reflects how probable the replace or repair of an element is in reality.
The parameter takes into account the size of the opening, material availability, inflow velocity and the avail-
able time. The openings size is a big indicator for a global failure probability. The hydraulic structures which
include elements of a shipping lock or crossings in flood defences have a standard failure probability of 1 due
to the large cross-sectional flow areas and corresponding velocities. In case of other structures, a maximum
of 0.01 is demanded if the cross-sectional area remains below 1m?.

Z=-0(pf)-U0©,1)

3.4.3. FAILURE BY INSTABILITY OF THE SOIL OR STRUCTURE

The hydraulic load and instability of the subsoil cause large deformations resulting in a possible breach. The
flood risk occurs if a breach is present during high water levels. The solicitation (S) is the hydraulic load and
the resistance (R) the stability. The Z function is also separated into a linear or quadratic model as is seen in
Section 3.4.2.

The instability mechanism considers the horizontal, vertical and rotational stability. In the horizontal sta-
bility, the structure moves from the soil due to a hydraulic head difference. On the other hand, the vertical
stability looks at the failure of the foundation due to buoyancy forces. Foundation failure can also be triggered
by rotation instability where a significant moment overturns the structure. The different mechanisms have
a few cases which lead to total exclusion. For example, a discharge sluice which has a much larger length
compared to the width and height and therefore horizontal and rotational stability is excluded.






CASE STUDY

In this chapter, the knowledge and practices from the previous chapter are applied in a specific case. A de-
scription of the case is discussed in Section 4.1, such as dimensions, retaining systems and material charac-
teristics. Followed by the hydraulic boundary conditions and the assessment.

4.1. CASE DESCRIPTION

The case study applies the assessment in a realistic environment. The information gathered in the Sections
3.3 and 3.4 form the theoretical background on which the assessment is based. An explicit method is formu-
lated by the theoretical background to calculate the final failure probability per assessment track. The goal of
using an explicit calculation method is to provide a verification of the Riskeer software results. Therefore, the
calculation in the assessment software Riskeer is done simultaneously to verify and compare the results.

The chosen project for this case study comprises of a culvert, namely Zuiderdiep. The culvert is situated in
a dyke and allows water to pass through a concrete connection below the dyke. The location of the culvert
is depicted in figure 4.1. Zuiderdiep is used for the determination of the limit state functions and boundary
condition for the two specified assessment tracks. In the sensitivity analysis, Chapter 5, the same case shows
a broader spectrum of results.

Delft
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Figure 4.1: location culverts (source: Google Maps)

STRUCTURE NORMS

The structure forms a part of dyke section 25 and connects the reservoir Zuiderdiep with the North Sea. The
structure dates from 1970 and is maintained and owned by Waterboard Hollandse Delta. The safety require-
ments belonging to dyke section 25 are prescribed in the norms as a maximum and signal value, where the
signal value is chosen as such that measures are possible within the time frame between signal and maximum
value. The maximum and signal value for the failure probability of the water retaining function is 1/1000 and
1/3000, respectively.

The above values are specified in each assessment track according to the failure probability budget, depicted

17
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in table 2.1. The length effect for hydraulic structures incorporates the number of structures that are present
in dyke section 25. Zuiderdiep is the only hydraulic structure in dyke section 25, correspondingly the length
effect factor equals N=1.

Table 4.1: Failure norms per assessment track Zuiderdiep(Van Westen, 2013)

Assessment track Contribution Signal (1/3000) Maximum (1/1000)
Non-Closure 4% 1/75000 1/25000
Strength and Stability 2% 1/150000 1/50000

STRUCTURE DESCRIPTION

The main dimensions of the culvert Zuiderdiep are 130 meters long, 12 meters wide and 2.3 meters high. The
culvert design is a rectangular tube underneath a dyke founded on concrete piles. The culvert is based on the
gravity flow and consequently only discharges when the water level inside the polder is higher than the sea
level. In the figure below the cross-section and top view of the Zuiderdiep culvert are presented(Delta, 2009).
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Figure 4.2: Zuiderdiep cross-section and top view (Bruggen, 1968)

The culvert consists of two separate discharge tubes in which two sets of gates close off the entrance as is
required by the standards for primary flood defences. The gates are located in a concrete housing on the
inside of the dyke. The steel sliding gates are 4.2 meters wide and 3.9 meters high. The mechanics run on
an electric motor and is powered by a generator in case of emergency. All gates have a contingency option
to operate a gate manually. The two tubes each have a cross-sectional area of 17.1 m, (Ixb:4 x 3.75m) at the
narrowest point. The culvert floor is horizontal and is situated at NAP - 2.75 m (Delta, 2009).

The seaside entrance (outflow) uses a concrete floor of about 33 meters as bottom protection, whereas the
reservoir side (inflow) directly connects to the bottom. During normal operations, the reservoir only exhibits
an inflow mechanism, but high flow velocities can occur in case of a Non-Closure event. This event is critical
for the mechanism failure by inflow, as bottom erosion would lead to stability failure.
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HYDRAULIC BOUNDARY CONDITIONS

The water in front of the structure is mainly influenced by the tide and storm events. The culvert is within
the influence of the rivers 'Maas’ and 'Waal’, but have a relatively small effect on the water level near the
culvert. The hydraulic boundary conditions are supplied by the schematisation software Hydra-NL. In Sec-
tion 3.2, the Hydra-NL results are translated to a continuous distribution which describes the water level and
wave height. Until recently, the hydraulic boundary conditions were described by an exceedance value for a
required failure probability. An impression of the required values for this case is given by table 4.2.

Table 4.2: Hydraulic boundary conditions for signal and maximum value (Hydra-NL)

Parameter Value
Water level (signal value) 5.03
Water level (maximum value) 4.67
Wave height Hs (signal value) 2.25
Wave height Hs (maximum value)  2.06
Water level reservoir -0.2

4.2. ASSESSMENT TRACKS

In the next sections, the process of constructing the fault tree is discussed with all the aspects that come
into play. Followed by the assessment of the culvert Zuiderdiep for the two assessment tracks Non-Closure
and Strength and Stability which is described in Appendices A and B. The overall result and conclusions are
presented in this section.

4.2.1. APPROACH

The assessment process is divided into two parts, namely the reference model and the Riskeer software re-
sults. In the reference model, the assessment tracks are build up from the bottom to the top of the fault tree,
starting with the individual sub-mechanisms. The sub-mechanisms are based on the limit states provided
in the schematisation manuals and the fault tree as described in the Sections 3.3 and 3.4. The second ap-
proach is the analysis by the Riskeer assessment software. The implementation in the software Riskeer is still
unknown, but recently (07-2017, source) temporary calculation files became available. The temporary calcu-
lation files offer among other things the design alpha and Beta values. The access to the beta values provides
verification on failure mechanism and sub mechanism level.

The reference model starts with the fault tree where relations between the variables are defined. The refer-
ence model provides a good overview of what kind of influence a variable could have. From that point on,
individual failure mechanisms are integrated by running the limit state function in the probabilistic environ-
ment, using the program Prob2B. The input (boundary conditions) in both approaches are equal except for
the stochastic variable "Water level seaside’ (solicitation factor), which is represented by a common distribu-
tion fitted to the data of Riskeer. This process is described in Section 2.3.1. The probabilistic model consists
of FORM analyses and Monte Carlo simulations where the design a and f are generated for the purpose of
verification. The results are then integrated into the reference model where the top probability of the mech-
anisms is determined.

The intermediate and overall results are compared against the Riskeer software, which provides insight into
how the program’s calculation model works. The results of Riskeer are presented in the section below. The
more detailed output of Riskeer, originating from the temporary calculation files, provides the essential data
for comparison. However, the detailed output is presented in a large bundle of data sets which lack insight
into the realisation of the end result. The results of Riskeer are filtered according to Appendix C. The filtered
output can display the data in a transparent way, which provides a clear path to follow the process and deter-
mine possible faults or improvements.
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4.2.2. RISKEER SOFTWARE RESULTS
The boundary conditions, originating from Section 4.1, are used as an input for the software Riskeer, which
calculates the overall failure probability of the structure. The software results are depicted in table 4.3.

Table 4.3: Riskeer software results

Assessment track Signalnorm maximum norm failure probability Result
Non-Closure 1/75000 1/25000 1/747500 Sufficient
Strength and Stability  1/150000 1/50000 1/2388500 Sufficient

The detailed output of the Riskeer is filtered, which presents in levels the failure probability from sub-mechanisms
to the overall failure probability per assessment track. These levels correspond to an element of the fault tree

in a specific assessment track. The fault tree elements all add up to the top element, according to the type of
gates, but the top probability of the fault tree does not align with the results of Riskeer. After the top element

is determined for every wind direction, different scenarios are applied to simulate possibilities. The most
governing failure probabilities from these scenarios are used as the result in Riskeer. The scenarios comprise

out of the following items:

* Upscale to largest discharge duration

* Combined over wind directions

* Upscaled to largest block duration

* Upscaled to dyke section

* Upscaled to dyke section given wind direction

4.2.3. RESULTS NON-CLOSURE

When comparing the two calculation approaches, the result of the reference model comes within significant
margins of the Riskeer software. The fact that the outside water level is represented by a Gumbel distribution
causes small deviations of the failure probability. In figure 4.3, the calculation of the assessment track Non-
Closure with the reference model and Riskeer are presented, the more detailed analysis islocated in Appendix
A.

Non-closure
1,28421E-06
Failure by inflow AND Closure failure
221 1,00 723 1,28422E-06 224
Failure by inflow OR Structure failure by inflow Failure closure AND Failure repair
0,45 Z12 1,00 722 1,28422E-06 1
Failure structure AND Failure scour protection
caused by scour
1 1,00
Subm. Designvalue Beta Reference value Riskeer Calculated Riskeer output Required value
Z12 -7,94 -7,94 Return period (y) 778.687 778.693 75.000
721 0,12 0,33 Reliability index 4,703 4,703 4,200
722 -4,23 -4,08
723 4,70 4,70
724 -7,94 -7,94

Figure 4.3: Fault tree Non-Closure results

The top part of figure 4.3 shows the results of the reference model for the fault tree of Non-Closure. The lower
part shows the sub-mechanisms of Z12, Z21, Z22, 723 and Z24, which are determined for both the reference
model and Riskeer. The category 'Design value Beta’ refers to the results of the reference model which can
be compared to reference values from Riskeer. The sub-mechanisms of Z12 and Z24 are deterministic, set
to a probability of 1, which corresponds to a high negative -value (8 = —7.5). The mechanisms of Z21 and
722 involve the continuous fitted distribution of water level outside and produces a small deviation. The top
failure probability from the reference model and filtered Riskeer results are shown on the lower right half and
shows that the deviation has no effect in this case.
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In re-creating the failure probability of Non-Closure, several important distinctions came to light. The dis-
tinctions during the process of verification are based on variability in time. For the failure mechanism failure
by inflow (Z21), the water level difference is very important. The documentation (Deltares, 2017a,b) clearly
states that the flood wave, representing the high outside water, is assumed constant for the duration of 6
hours. However, there is no mention of what assumptions are made for the inner water level. In situations
with a limited storage volume, the load (difference in water level) weakens due to the rise of the water level
inside. Moreover, the boundary conditions for limited storage volumes in this specific limit state calculation
are not static but dependent on other variables. This process is demonstrated in Appendix A Section A.4.1.

If the inflow within 6 hours has a limited effect on the storage volume, the water level inside remains about
constant and this effect can be neglected. In these cases, the conservative assumption is justified, in which
the water level inside remains constant. For example, when the storage area behind the culvert is very large
compared to the inflow during the storm. However, in the case of a small storage area behind the culvert,
the inside water level will rise correspondingly. As a result, the flow velocity will decrease and accordingly the
decrease of the incoming volume during the storm. This results in a failure probability which is significantly
lower. A reduction in the failure probability means a better judgement of the structure.

The second observation is that not all energy losses are included in the limit state function. The discharge
coefficient incorporates some entree and exit losses but does not include friction. An annotation can be made
that for small lengths the effects are negligible but for long culverts a difference in flow speed can be noticed.

4.2.4. RESULTS STRENGTH AND STABILITY

In the assessment track of Strength and Stability, three main elements drive the failure probability, as can be
seen in figure 4.4. In the determination of the failure probability, the branches of failure by instability and
failure by collision are not incorporated as such mechanisms are not of significance for the culvert structure
in this case study. The stability is provided by a larger length compared to the width and height and therefore
horizontal and rotational stability are excluded. Vertical stability is provided by the foundation piles under-
neath the structure. A collision mechanism only applies to situations where sufficient depth is present to
reach the gates. The remaining mechanism is structural failure by hydraulic components, which consists of
the sub-mechanisms of failure by inflow, repair after failure and failure by head difference. Only failure by
head difference is calculated as the other mechanisms are discussed in the previous section.

Strenght and stability
Lower bound Upper bound
9.57397E-05 9.57397€-05
Failure by hydraulic OR Failure by collision

43
Instability structure and soil
0 223 0 224 7423
Failure flood wall by collision AND Failure by inflow closure failure
2411 9.57397E-05 2412 0 0.999998193 0
Failure by head difference AND Failure by inflow| Repair after failure

9.57399E-05 1 2422 2421

221 0.999998193 Probability collision AND Collision energy exceeds critical

Failure by inflow OR Structure failure by inflow 0 0
0.942946567

712 0.999968329 722
Failure structure caused by AND Failure scour protection
scour protection

1 0999968329

Subm. Design Beta Reference value Riskeer Calculated Riskeer output _Required value
712 7.94 7.94 Return period (y) 10445 8181 75000
221 -1.58 -1.39 Reliability index 3.730 3.668 4.200
722 -4.00 -4.05

2411 3.73 3.67

2412 -7.94 -7.94

7421 32.00 32.00

2422 32.00 32.00

2423 32.00 32.00

243 32.00 32.00

Figure 4.4: Fault tree Strength and Stability results

The results of the reference model and Riskeer are processed in the same way as the assessment track Non-
Closure. In the lower half of figure 4.4, the sub-mechanisms of Z41, Z412, 721, Z12 and Z22 are calculated for
the reference model and Riskeer. The remaining sub-mechanisms are chosen deterministic, in which there is
no contribution to the final result. The mechanism Failure by inflow (Z21, Z12 and Z22) is already calculated
in the previous assessment track. Sub-mechanism Z411 shows a good resemblance between the reference
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model and Riskeer, which is not expected considering the accuracy in the approximated hydraulic boundary
conditions.

The hydraulic components for the assessment track of structural failure involve multiple factors, namely wa-
ter level, wave height and wave period. In contrast to the assessment track of Closure failure, where only
one hydraulic component is used as input parameter. Each hydraulic factor is originating from Hydra-NL,
which means that more factors in the case study need to be approximated. Each approximation contributes
to a certain extent to the deviation from the results from the Riskeer software. The aim of the case study is
to acquire sufficient accurate results as a verification measure for the Riskeer software. In Appendix B, the
calculation of the assessment track structural failure is presented. The results of the reference model come
near the results of the Riskeer software but differ to some extent. The cause of the deviation can be related to
the approximations and chosen model for the wave pressure.

The wave pressure in Riskeer is described by the model of Goda-Takahashim, which incorporates the effects
of a specified wind direction. The inclusion of the incoming wave direction makes a far more accurate of the
wave pressure on the structure. In the case study, the incoming wave per direction is unknown. As a result,
multiple models are used to approximate the wave pressure. The models of Goda, Sainflou and linear theory
are used to describe the wave pressures. The results of the models show that the Sainflou model provides
the most conservative values followed by linear wave theory and Goda, in which the wave direction for Goda
is assumed parallel to the structure. The results in Riskeer are approximated by the method of Goda, which
produces small deviations. Although the results differ, they are within the same order of magnitude for f
values. In figure 4.4, the calculation of the assessment track Strength and Stability with the reference model
and Riskeer are presented, the more detailed analysis is located in Appendix B.
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4.3. IMPORTANT PARAMETERS

In the previous Sections 3.3 and 3.4, all components and their relations were considered and combined with
the practical information of the case study. These sections provide a good overview of what parameters are
dominant in the failure probability. In Chapter 5, a structured approach is provided to find the influence line
of certain parameters, defined in a quantitative way. In this section, the focus has a pure qualitative character
to find which parameter needs to change in order to decrease the failure probability effectively. This can be
illustrated by using influence knobs as parameter inputs. The larger the turning knob, the larger the influence
and effectiveness in the total probability.

Result ,—> Pfnon-closure Pfstrenght & stability S

|
Influence | /
Ah Pfeiosing
—

Measures | 4 3. 2. 1 4. 3. 2. 1.

Relement

Figure 4.5: Dynamics fault tree assessment tracks

NON-CLOSURE

The illustration above shows that the probability of closing is an effective way to decrease the overall failure
probability. The mechanisms driven by head difference will have a smaller effectiveness due to the OR gate
between them. Both scour failure and failure by inflow need to be substantially low to provide good results.
When a large head difference occurs, it is harder to control the mechanisms. A better solution is to prevent
the inflow from happening by reducing the closure failure and increasing the repair probability.

Measures:
1. More accurately specify opening and closing failure probabilities, as they tend to be conservative with
large uncertainty bounds.
2. Organise a stronger repair plan to create a higher probability of possible repair.
Increase resistance against erosion (qc), scour protection.
4. Increase storage volume to avoid failure by inflow (A*dh).

w

STRENGTH AND STABILITY

In the Strength and Stability assessment track, the focus is on the mechanism driven by hydraulic head dif-
ference. The mechanism of collision is only relevant for a lock and is generally not considered for other
structures. The two mechanisms associated with head difference are stability and element strength. The
stability is based on the whole structure and breaks down to 3 types of stability (horizontal, vertical and ro-
tational). Some structures can be excluded from the stability requirements and others satisfy them by large
safety factors, which reduces the contribution to the overall probability. In contrast to the element strength
where the weakest link determines the overall safety. The element strength is coupled with failure by inflow
and repair failure, where every mechanism needs to occur to result in a flooding event. The three combined
mechanisms have a higher probability of occurrence than failure by instability and thus results in a higher
influence/effectiveness.

Measures:
1. More accurately specify repair failure probabilities, as they tend to be conservative with large uncer-
tainty bounds.
2. More accurately model the gate schematisation to reduce conservative assumptions.
Increase the length of structure to avoid horizontal and rotational instability.
4. Provide a more suitable foundation.

w






SENSITIVITY ANALYSIS

The combined methods of the Riskeer software and the reference model, described and applied in Chapters 4
and 3, are used to give an indication of the sensitivity of variables in the failure mechanisms. The assumption
that the two models work analogously should be reflected in the sensitivity in the failure mechanisms.

5.1. METHOD

The influence of a variable is shown by varying the expected value of the stochastic variable within a specific
range. Results produced by varying a single stochastic variable show effective changes on a static system for
the two models. The comparison of the effective changes for the two models shows if an analogous relation
is present. The two models can be distinguished by two levels of the fault tree. The lower level describes the
fault tree including all mechanisms and sub-mechanisms. The top level shows the top probability of the fault
tree on which extra simulations of scenarios are executed. The Riskeer software produces the top level, but
also shows the results from the lower level by temporary calculation results. The extra simulations work in
a conservative capacity, which cannot be reproduced by the probabilistic model. In the sensitivity analysis,
both models are used to describe the sensitivity of the calculation method of the top level and lower level,
where the probabilistic model is only usable for the lower level. The reference model, performed by Prob2B,
determines the lower level and uses the calculation method FORM. The top level calculations are performed
by Riskeer.

5.2. INFLUENCE LINES

The most anticipated influential parameters of both assessment tracks are described in Section 4.3, which was
based on the operating gates and the nature of the variables. The assessment track Non-Closure is predom-
inantly influenced by failure of closure (Z23) and failure of the bottom protection (Z22) with the parameters
Pns and q, respectively. The assessment track Strength and Stability includes multiple failure mechanisms of
which only one is discussed, namely failure retaining wall. Failure of a retaining wall is a consequence of the
mechanisms: failing due to head difference, failure by inflow and failure closure repair (failure closure repair
notincluded). The remaining failure mechanisms are characterised by resistance parameters: linear strength
parameter (Z411), retaining basin volume (Z12) and critical discharge bottom protection (Z22). The specific
parameters used in the sensitivity analysis are indicated in the table below.

Table 5.1: Parameters for sensitivity analysis

Track Failure mechanism ID variable unit range
Non-Closure Failure by inflow 722 qc m?/s 3-36

Failure by inflow 712 Vg m? 500,000 - 6,000,000
Strength and Stability ~ Failure by head difference 7411 Ry, kKN/m?  40- 150

25
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5.2.1. NON-CLOSURE

The results of the two parameters belonging to the assessment track Non-Closure are depicted in figure 5.1.
The mechanism failure by inflow shows exponential and linear characteristics for both models from A equals
500,000 to 2,500,000 m2 and 2,500,000 to 6,000,000 m?, respectively. The difference between the models is
small (0.2 B) at lower values but becomes larger (0.26 ) with an increasing value of A (area). The difference
would appear small but when transformed into failure probabilities the effect is larger. For example, the
transformation of 4.2 to 4.26 results in a failure probability of 1/75,000 to 1/150,000. The mechanism failure
of scour protection displays the same behaviour when considering the difference between the models. This
is probably caused by the mutual factor, the hydraulic load, which is present in both failure mechanisms and
estimated based on Hydra-NL. The influence line is nearly linear.

Overall, the reference model describes the characteristics of the Riskeer software correctly and acts as a lower
boundary. The lower boundary can be used as a tool to verify that the correct input is used for the Riskeer
software. In both graphs, the required signal norm is presented. For the structure to suffice in the track Non-
Closure, the combination of all failure mechanisms must lead to the reliability index of 4.2.

Failure scour protection Failure by inflow
—&—Reference ~ —@—Riskeer —@— Reference —@— Riskeer
4 6
3 \ Signal norm (B = 4.20) . Signal norm (B = 4.20)
2 /
B 4
X% 3
§ 0 3
£,0 0 T
(o8 5
2 bl |
3 0
-4 40 000000 2000000 3000000 4000000 5000000 6000000 7000000
5
2
9. (m?/s) A (m2)

Figure 5.1: Influence lines Non-Closure (source: Riskeer and Prob2B)

5.2.2. STRENGTH AND STABILITY

The stochastic variable Ry, (structural strength) is determined for Zuiderdiep in the case study, but the strength
is taken conservatively, as only some elements are considered. The retaining wall contains some residual
strength, which can be illustrated by the influence lines. In this analysis, the expected value of the stochastic
variable varies from 40 to 150 kN/m?, in which the value taken at the case study is 67.8 kN/m?.

The results are presented in figure 5.2. The influence line shows nearly linearly behaviour over the specified
range. This shows that there is no optimum or preferred range to adjust the parameter. This is a good char-
acteristic for the assessment method, where the strength of a retaining wall is determined from rough to fine
schematisation. The two models show a different influence line, but do match around 60 kN/m?.

Failure structural element Difference between Faultree and final result
«=@==Reference riskeer Top e==@==governingwind ==@==final result

7 7

p Signal norm (B = 4.36) 6 Signal norm (B = 4.36)
34 54
o - el
< c
3z 3 = 3 /

2 2

1 1

0 0

40 50 60 70 8 90 100 110 120 130 140 150 40 50 60 70 80 90 100 110 120 130 140 150
Rjin (kN/m?) Rlin (kN/m?)

Figure 5.2: Influence lines Strength and Stability (source: Riskeer and Prob2B)
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The general form is similar, but no accurate results can be obtained from the reference model. This is mostly
due to the hydraulic components: water level, wave height and wave period. All the hydraulic components
need to be estimated and fitted to the results of Hydra-NL.

Another interesting aspect is the difference between top level and lower level. The two levels show the effect
of extra simulations over the influence range of the stochastic variable Ry;,. The graph in figure 5.2 depicts
the final results of Riskeer, the lower level and the combined wind directions. In general, the scenario 'com-
bined over all wind directions’ provides a higher reliability than the lower level, because in the later only the
governing wind direction is reflected. In contrast to the final result, which shows a drastic decrease of relia-
bility compared to the lower level. The final result includes all simulations, which reflect the most governing
scenarios. The required reliability of the signal norm is presented by a black horizontal line. This line clearly
demonstrates an increase of the minimum resistance strength variable caused by the extra simulations, in
which the resistance strength needs to improve to 110 kN/m? to suffice.

The behaviour of the three lines over the range of Ry, is reasonably constant, where there is a slight decrease
of the acceleration rate.

5.2.3. ACCURACY
The accuracy of the reference model can be quantified by the mean square error for each variable. The mean

1
square error (MSE) is defined as: MSE = N YN | (y—x)? in which y is the measured value and x is the actual
value ('truth’). The results are presented in the table below.

Table 5.2: Accuracy reference model

Variable MSE  unit

qe 0.086 p2
Ve 0.050 p?
Riin 0.157 p?

Average 0.098 f?

The MSE, as shown above, corresponds with the findings of the accuracy’s between the models, based on
the graphs 5.1 and 5.2. The variables q.; and V. have good characteristics, where as Ry;, is too inaccurate to
provide valuable data.

5.3. DISCUSSION

The accuracy of results produced by Riskeer or Prob2b can originate from the input values and the calculation
method. The input values have an explicit uncertainty taken into account by means of their distribution
functions. In contrast to the probabilistic calculation method, where each calculation method has a different
accuracy. Prob2b uses Monte Carlo simulations and first-order reliability method (FORM), two well known
and often applied methods. The first is very robust but inefficient and the second is very efficient but not
robust. The temporary calculation results of Riskeer show that the program uses two methods: directional
sampling and FORM, in which directional sampling is less time consuming than Monte Carlo.

Those methods can produce different results, which is illustrated by the calculation of 3 wave pressure mod-
els in Appendix B table B.4. The two probabilistic calculation methods show a significant difference in the
order of 0.01 2. In this case, the inaccuracies of the calculation method are less significant due to the larger
inaccuracies of the approximation of the boundary conditions, seen in table 5.2.






CONCLUSIONS & RECOMMENDATIONS

6.1. CONCLUSION

The reliability assessment of hydraulic structures, in primary water defences before 2017, was characterised
by exceedance probabilities and implicit uncertainty. In January of 2017, the new water law enforced a change
in the assessment of primary water defences. The water law asked for a probability of flooding when assessing
the safety requirements, which is performed by the assessment tool Riskeer, part of WBI assessment program.
However, Riskeer does not allow the engineers to have transparency in calculations results, which prevents
insight into the model behaviour and contribution to the failure probability. This research aims to figure
out the mechanics contributing to the overall failure probability for hydraulic structures. The case study of
Zuiderdiep provides the environment within these mechanics can be verified.

The research questions are summarised as follows:

1. What type of uncertainties are used in the assessment and how are those accounted for?

2. How are the specific failure mechanisms incorporated in the Riskeer for hydraulic structures?
3. Which variables contribute the most to the failure probability?

4. How do parameter changes in the schematisation affect the behaviour of the model?

1.In the previous assessment programs uncertainty was incorporated into the model but not explicitly. The
form of uncertainty was then presented by conservative safety factors, whereas nowadays uncertainty is ex-
plicitly included as a distribution. The software Riskeer uses a probabilistic approach, where every variable
is assigned a distribution. The variability is expressed in the standard deviation of a variable, which can be
determined by experiments, models or justified by expert judgement. The uncertainties that each model in-
herits from the used parameters are now specified by the distribution given to each parameter. The natural
uncertainties, occurring in the hydraulic loads, are defined in the program Hydra-NL, which calculates the
water level, wave height and wave period using multiple models.

2. Analysis of the schematisation manual and previous assessment software (Ring toets) provided the failure
mechanisms and the specific model, that was incorporated into Riskeer, to obtain the limit state function.
The assessment track fault tree defined how the different failure mechanisms are related. A detailed look
into the limit states showed that the used models in the mechanisms are purely stationary in time and do
not incorporate dynamic effects. Consequently, the assumed stationary loads result in conservative values
for probability of failure. The incorporation of time dependent effects requires a more advanced model but
would provide more accurate results and a tiebreaker in case of negative assessment results.

3. The failure probability of a hydraulic structure consists of multiple assessment tracks, each with a spe-
cific share of the overall failure probability. The assessment track shares are defined by the failure probability
budget, which determines the largest contributor of the assessment tracks. The assessment tracks contain all
the relevant failure mechanisms, which contribute to the failure probability by fault tree gates. The knowl-
edge of the fault trees combined with sensitivity analysis provide information about the largest contributors
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to the overall failure probability, regarding resistance and solicitation variables. The dominant solicitation
factor in all failure mechanisms is the water level difference. The resistance factor is dominated by the failure
probability of Non-Closure in the gate and the strength of a gate element.

4. Analysis in the behaviour of variables in the schematisation, resulted in a sensitivity study of the largest
contributors. The influence lines caused by parameter changes are a combination of linear and exponen-
tial behaviour, where the exponential part is followed up by a range of linear behaviour. In general, these
characteristics show that in some ranges variable precision is of importance, where a slight change could re-
sult in a larger effect. However, in this case the consequences of exponential behaviour are only limited and
correspondingly the possible effects are also limited.

During the analyses of failure mechanisms and influence lines, a reference model is used to validate the
suspected mechanics. The reference model is used in a case study and a sensitivity analysis, which describes
the accuracy and characteristics of the model. In the comparison of the reference model with the Riskeer
software, the results are similar but not accurate enough to replace one with another. The reference model
is significantly influenced by the approximation in the hydraulic boundary condition, which is formed by
assuming a distribution for the water level, wave height and wave period. The average mean square error for
the reference model is 0.0988%, assuming the Riskeer model contains the true value. The largest inaccuracy is
within the sub-mechanisms of Structural failure (Z411) with a mean square error of 0.154%, caused by all three
sources of approximated hydraulic loads. This reference mechanism is therefore not usable for characteristics
and detailed data.

In the testing of the Riskeer software, the temporary calculation results showed a difference between two level
of the fault tree. The lower level describes the fault tree including all mechanisms and sub-mechanisms. The
top level shows the top probability of the fault tree on which extra simulations of scenarios are executed. The
Riskeer software produces the top level, but also shows the results from lower level by temporary calculation
results. The extra simulations work in a conservative capacity, which cannot be reproduced by the reference
model. The scenarios are only described by topic and no in-depth process description is present.

In conclusion, the main processes in the fault trees are explained and can be validated by a reference model,
as shown by their characteristics in the sensitivity analysis. Together with the temporary calculation results,
arough validation of the input parameters is feasible in the lower level. In contrast to the top level, where nu-
merous scenarios are simulated without any transparency to what these values entail. The sensitivity analysis
also shows the difference of the two levels over the different variables, which is a (almost constant) signifi-
cant difference. In this thesis project, the main and secondary objectives are achieved. The reference model
shows the mechanics behind the reliability assessment software (Riskeer) and is validated by the case study.
The second objective related to influence lines of the schematisation is captured by the sensitivity analysis of
the WBI software.

6.2. RECOMMENDATIONS

Due to time limitation, only two out of the four failure mechanisms for hydraulic structures are studied and
compared. However, to fully assess all types of hydraulic structures, more failure mechanisms need to be
investigated further.

In addition, this report fully focuses only on the lower level of the Riskeer software and a basic impression of
the top level, however, more efforts should be put in the detailed upper level to fully understand what is the
impact on a certain structure.



CASE STUDY NON CLOSURE

This appendix describes the assessment of the case study location Zuiderdiep. The hydraulic structure is
checked for the assessment track Non-Closure, described in the sections below.

A.1. FAULT TREE

The fault tree is recreated in Excel by defining all the gates between the sub-mechanisms. The overview is
displayed in figure A.1. Below the fault tree is the input box for the result of the limit state per sub mechanism.
From the result of sub-mechanism, the overall failure probability can be calculated. Next to the result of the
reference model is the output from Riskeer given per limit state. The Riskeer output is obtained from the
temporary calculation results file, as is described by Appendix C.

Non-closure
0,15625
Failure by inflow AND Closure failure
21 0,625 123 0,25 124
Failure by inflow OR Structure failure by inflow Failure closure AND Failure repair
0,5 Z12 0,25 722 0,5 0,5
Failure structure AND Failure scour protection
caused by scour
0,5 0,5
Subm. Designvalue Beta  Reference value Riskeer Calculated Riskeer output Required value
712 -1,39214E-16 - Return period 6,4
721 1,39214E-16 - Reliability index 1,009990169
122 1,39214E-16
23 1,39214E-16
724 1,39214E-16

Figure A.1: Fault tree Non-Closure

A.2. PARAMETERS

The limit state function of the different sub-mechanisms requires input parameters in order to calculate the
failure probability. The parameters are given in the form of distributions where for every variable the uncer-
tainty/variability is defined in the standard deviation. These distributions are described by the schematiza-
tion manual. The variables consist of object-specific and predefined parameters. The predefined parameters
and their distributions are presented in table A.1. The distributions are recommend by Deltares but the values
can be adjusted. The location specific parameters are acquired by research and are displayed in table A.2.

The probability values of Pfiepair and ferosion are predefined with an assumption of immediate failure. The
probabilities are chosen 1, as a conservative start value. In case the overall failure probability is not sufficient,
a more accurate parameter can reduce the failure probability.
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Table A.1: Predefined parameters Non-Closure

’ 5 s £
g s £ 5 s B
= D= = = g i A &
Distribution logn det det logn nor logn nor nor det det
Mean 1 1 1 6 1.1 009 1 1 1 1
Sigma 0.2 - - 0.3 0.03 0.06 01 02 - -
Table A.2: Input parameters Non-Closure
g g
£ 2 z g
g = % B 5 . 4o 5
< < M S < = A~ A
Distribution logn logn nor nor nor logn det det
Sigma 0.1 0.05 0.1 0.01
Vr 0.1 0.15
Mean 1E° 25 6 -0.05 17.1 033 9E° 1/14

The probability of closure failure is defined in the standards of Hydraulic structures (Leidraad Kunstwerken,
Appendix B3). The documentation provides a fault tree and reference values where technical and human
influences are taken into account. The characteristic value of failure for a sliding gate is at the lower bound
3E and upper bound 3E™. Each tube contains two succeeding sliding gates, which both have to fail before
flooding can occur. The resulting failure probability for a mechanical perspective is thus (3E~3)? = 9E 5, for
the case of the upper bound criteria. The overall closing failure probability is 18E for a culvert with two
independent discharge sluices.

Py closure =N * (Pf,gates)a * Popen
2.739 %1077 =2 % (1073)% % (300 = 4)/ (365 * 24)

With:

n = number of tubes [-].

Pigates = probability of failure to close a gate [-] (Beem, 2003).
a = number of gates in a tube [-].

Popen = closing frequency structure [1/year].

The critical discharge, required for the evaluation of the bottom protection, is determined for this inside of
the structure where no bottom protection is presentDelta (2009). When no bottom protection is present, a
conservative choice of fine sand made. The schematisation manual recommends a critical velocity of u.=0.10
m/s Deltares (2017b). The water height at the end of the sluice gate is 3.3 meters resulting in critical discharge
of 0.33 m/s?.

A.3. CALCULATIONS

The parameters determined above are now used in the limit states. A good method for checking the input is
the determination of the mean limit state value. In the table below, these values are displayed.

Table A.3: Limit state result mean value: Non-Closure

712 721 722 723 724
Z -8 73330.10 -9591 -8 4.5588

These results indicate that Z12, Z22 and Z23 are failing (Z<0) and have an almost definite failure probability
of 1, depending on the standard deviations of the limit states. In this case, it means that the ‘strength’ of the
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failure mechanism comes from Z21 and Z24. Considering Z21 is the combination of an OR gate with Z12 and
722, the left branch of the fault tree probably results in a very high failure probability.

The program Prob2b is used for the versatility of the probabilistic calculation methods including Monte Carlo,
FORM and numerical integration. The results of the calculation are presented in the table below.

Table A.4: Limit state results: Non-Closure

Z (Beta) 712 721 722 723 724
Form -7.94 0.124 -4.23 4.68 -7.94
Iterations 415 281 415 415 415
Monte Carlo -7.94 0.24 -4.27  4.70 -7.94

calculations 10000 124 10000 10000 10000

Riskeer output -7.94  0.33 -4.08 4.70 -7.94

The values are then inserted into the excel fault tree model.

Non-closure
1,28421E-06
Failure by inflow AND Closure failure
221 1,00 723 1,28422E-06 224
Failure by inflow OR Structure failure by inflow Failure closure AND Failure repair
0,45 212 1,00 722 1,28420E-06 1
Failure structure AND Failure scour protection
caused by scour
1 1,00
Subm. Designvalue Beta Reference value Riskeer Calculated Riskeer output Required value
712 -7,94 -7,94 Return period (y) 778.687 778.693 75.000
721 0,12 0,33 Reliability index 4,703 4,703 4,200
722 -4,23 -4,08
723 4,70 4,70
724 -7,94 7,94

Figure A.2: Fault tree Non-Closure results
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A.4. RESULTS

The calculation results do match the result from Riskeer to a certain extent. The influence of the approxi-
mated hydraulic loads causes small deviations in the failure probability. This method is not a replacement
for the existing software but more a general tool for a first estimate. In Appendix C, the processes within
Riskeer become more clear. There are two different levels, in which these results present the lower level. The
final output of Riskeer is the top level.

In the case of Zuiderdiep, the main influence parameter is failure closure Z23. The left branch of the fault tree
will fail more easily and is harder to mediate.

A.4.1. CALCULATION METHOD FAILURE BY INFLOW

If the water level inside is taken as a dynamic boundary instead of a static water level, the results will change
significantly. In a small numerical calculation, the mean is recalculated for the limit state of failure by inflow
(Z21). The original values are shown in table A.3 and the calculation steps are depicted in A.5. The time step
(A1) is taken as 7.5 minutes for the duration of the design storm (6 hours). At At the discharge is evaluated for
the current head difference, after which the head difference is adjusted depending on the amount of inflow
during At. The results are shown in table A.5, where only the first and last hours are presented.

The total storage volume is A* dh = 2500000m°. Following the limit state function and the calculation results,
the Zpew value is 2500000-1177689.28 = 1322310.72m°. The new Z value is an increase of 180395% in terms
of volume. The lower volume reduces the failure probability to a much lower level.

However, the influence of failure by inflow is not relevant when the scour protections fail first but could be
an influence in other cases. In those cases, the reduction of the limit state function is an important aspect in
failure probability.

Table A.5: Numerical example for failure by inflow based on mean Z value

Tstorm dh(m) Q@m® +h(m) Volume (m3)
2.15 111.06 0.05 49977.82542
0,25 2.10 109.76  0.05 49393.53012
2.05 108.46 0.05 48809.19393
0,50 2.00 107.17 0.05 48224.81586
1.95 105.87 0.05 47640.39488
0,75 1.91 104.57 0.05 47055.92992
5,00 0.63 60.33 0.03 27146.25094
0.61 59.02 0.03 26559.01963
5,25 0.58 57.71 0.03 25971.64471
0.55 56.41 0.03 25384.1195
5,50 0.53 55.10 0.02 24796.43683
0.50 53.80 0.02 24208.58902
5,75 0.48 52.49 0.02 23620.56779
0.46 51.18 0.02 23032.36424
6,00 0.43 49.88 0.02 22443.96875

1.19 5.62 1.74 <2.5m 1177689.276




CASE STUDY STRUCTURAL FAILURE

This appendix describes the assessment of the case study location Zuiderdiep. The hydraulic structure is
checked for the assessment track structural failure and stability, described in the sections below.

B.1. FAILURE TREE

The failure tree is recreated in Excel by defining all the gates between the sub-mechanisms. The overview is
displayed in figure A.1. Below the fault tree is the input box for the result of the limit state per sub mechanism.
From the result of sub-mechanism, the overall failure probability can be calculated. Next to the result of the
reference model is the output from Riskeer given per limit state. The Riskeer output is obtained from the
temporary calculation results file, as is described by Appendix C.

Strenght and stability

Lower bound Upper bound
9.57397E-05 9.57397E-05
Failure by hydraulic OR Failure by collision

243
Instability structure and soil

0 223 0 224 7423
Failure flood wall by collision AND Failure by inflow closure failure
2411 9.57397E-05 2412 0 0.999998193 0
Failure by head difference AND Failure by inflow| Repair after failure
9.57399E-05 1 2422 2421
221 0.999998193 Probability collision AND Collision energy exceeds critical
Failure by inflow OR Structure failure by inflow 0 0
0.942946567
212 0.999968329 222
Failure structure caused by AND Failure scour protection
scour protection
1 0.999968329
subm. Design Beta Reference value Riskeer Calculated Riskeer output  Required value
212 -7.94 -7.94 Return period (y) 10445 8181 75000
221 -1.58 -1.39 Reliability index 3.730 3.668 4.200
222 -4.00 -4.05
2411 3.73 3.67
2412 7.94 7.94
7421 32.00 32.00
2422 32.00 32.00
2423 32.00 32.00
243 32.00 32.00

Figure B.1: Fault tree structural Strength and Stability

B.2. PARAMETERS

The limit state function of the different sub-mechanisms require input parameters in order to calculate the
failure probability. The parameters are given in the form of distributions where for every variable the uncer-
tainty/variability is defined in the standard deviation. These distributions are described by the schematiza-
tion manual. The variables consist of object-specific and predefined parameters. The predefined parameters
and their distributions are presented in table B.1. The distributions are recommend by Deltares but the values
can be adjusted. The location specific parameters are acquired by research and are displayed in table B.2.
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Table B.1: Predefined parameters structural Strength and Stability

5
£ 5 8
.S £ é ) 8 % ? g ] %] —_ N
= =R = = g 3 & & E E < < =z
Distribution logn det det logn nor logn nor nor det det nor nor det det det
Mean 1 1 1 6 1.1 009 1 1 1 1 1 1 1 1 5000
Sigma 0.2 - - 0.3 0.03 0.06 0.1 02 - - 02 0.05 - - -

The probability values of Pfrepair and Pferosion are predefined with an assumption of immediate failure. The
probabilities equal 1, as a conservative start value. In case the overall failure probability is not sufficient, a
more detailed research can reduce the failure probability.

The input parameters in table B.1 are specified for the mechanism "Failure by hydraulic components’ therefor
only those input variables are displayed. The remaining mechanisms are assumed to have no contribution
to the overall failure probability, which are stability failure and failure by collision. The stability failure mech-
anisms are prevented by a sufficient resistance against horizontal, vertical and rotational stability, described
in section 3.4.3. The mechanism Failure by collision is only valid for locks and structures where local circum-
stances allow ship collision.

Table B.2: Input parameters Structural Strength and Stability

g
g 2 K
2 = Z 5 % - | & —
< <4 M g < = 3 ~ S

Distribution logn logn nor nor nor logn logn logn det
Sigma 0.1 0.05 0.1 0.01 -
Vr 0.1 0.15 0.2 0.2 -
Mean 1E5 25 12 -0.05 342 033 678 - 2.75

The parameters Ayom, ARkom, Bst, hpi, Ast and g, are described in appendix A section A.2. The remaining
parameters to model the gate strength (Rjin, Rquad and h;) are determined from the specification and drawing
of Zuiderdiep provided by the water board.

GATE STRENGTH

The resisting strength of gate can be characterised by a quadratic and linear model, depending on the avail-
able information and object. For this case, the linear model is chosen. In the linear model, the Goda method
is used to determine the pressure against the gate, which is caused by waves. The Goda method together
with the pressure caused by the water level difference form the solicitation factor of sub-mechanisms Z411.
The specific pressure against the gate is taken at a reference height h; (NAP - 0.65m). The reference height
is chosen at the height of the middle horizontal beam which has the largest distance from the supports. All
beams have the same centre-to-centre distance, namely 0.425 m. The specific beam is depicted in figure B.2.

Following the method of schematisation manual, the process for finding the element strength is from rough
to fine. The beam is a profile of 300 x 14 mm with an Iy = 4980 and Wy of 273 cm?*. Assuming a tension
strength of fy = 235 N/ mm?, the maximum allowable moment equals M = o * W = 235 % 273 * 10° = 64.2
108k Nm/profile.The beams are assumed to be imposed, with a beam length of 4.22m. This results in:

M=(1/8)%qx1?
q= (8% M)/I%) = ((8+64.2)/4.22%) =28.8kN/mperprofile
qmeter = (qprofilelctcyrofile) = (28.8/0.425) = 67.8kN/m?

As a first assumption, the linear resistance is 67.8 KN/ m2.
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Figure B.2: Drawing Gates Zuiderdiep and reference height

B.3. CALCULATIONS

The parameters determined above are now used in the limit states. A good method for checking the input is
the determination of the mean limit state value. In the table below, these values are displayed.

Table B.3: Limit state result mean value: Structural Strength and Stability

712 721 722 7411 7412
Z -8 73330.10 -9591 578 1

The results of Z12, Z21 and Z22 have the same values as in the assessment track Non-Closure. The assessment
tracks both use the same variables and mechanisms. The mechanism Z412 is assumed with a probability of
1, which is translated into a mean of 1 for the input data.

The mechanism Z411 is calculated in the reference model with 3 different models for determining the wave
pressure. The software Riskeer uses the Goda model including a determination per wind direction. Since
such data is not present in the reference model, assumption are made to make use of the Goda model. To see
the importance of the model choice, two different model are used simultaneously, namely the Linear Wave
Theory model and Saintflou (described in the hydraulic structures manual).

The program Prob2b is used for the versatility of the probabilistic calculation methods including Monte Carlo
and Form. The results of the calculation are presented in the table below. There is a significant difference in
results of the two probabilistic calculation methods, where difference is of the order of 0.1 3. The difference
in calculation methods adds another source of uncertainty to the overall probability.

Table B.4: Limit state results Z411 including 3 wave pressure models

7411 (Beta) Goda I[WT Saintflou
Form 3.79 3.94 3.45
Iterations 415 281 415

Monte Carlo 3.67 4.0 3.38
calculations 10000 10000 10000

Mean 3.73 3.97 3.42
Riskeer output  3.67 3.67 3.67

The mean square error between the results of the probabilistic calculation method FORM and Monte Carlo
calculation is 0.01 .
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B.4. RESULTS

The values are then inserted into the excel failure tree model.

Strenght and stability
Lower bound Upper bound
9.57397E-05 9.57397E-05
Failure by hydraulic OR Failure by collision
243
Instability structure and soil
0 223 0 224 7423
Failure flood wall by collision AND Failure by inflow closure failure
2411 9.57397E-05 7412 0 0.999998193 0
Failure by head difference AND Failure by inflow| Repair after failure
9.57399E-05 1 2422 2421
221 0.999998193 Probability collision AND Collision energy exceeds critical
Failure by inflow OR Structure failure by inflow 0 0
0.942946567
212 0.999968329 222
Failure structure caused by AND Failure scour protection
scour protection
1 0.999968329
subm. Design Beta Reference value Riskeer Calculated Riskeer output _ Required value
12 -7.94 -7.94 Return period (y) 10445 8181 75000
221 -1.58 -1.39 Reliability index 3.730 3.668 4.200
222 4.00 -4.05
411 3.73 3.67
2412 7.94 7.94
2421 32.00 32.00
2422 32.00 32.00
2423 32.00 32.00
243 32.00 32.00

Figure B.3: Fault tree Strength and Stability results

The calculation results do match the result from Riskeer to a certain extent. The influence of the approxi-
mated hydraulic loads causes small deviations in the failure probability. This method is not a replacement
for the existing software but more a general tool for a first estimate. In Appendix C, the processes within
Riskeer become more clear. There are two different levels, in which these results present the lower level. The
final output of Riskeer is the top level.



OUTPUT RISKEER

This appendix describes how the calculation result can be used to verify the calculations made in appendices
A and B.

C.1. TEMPORARY CALCULATION FILE

The software Riskeer creates a temporary file with every calculation result. The file is a SQL database of
thousands of variables. There is little insight into how the final result comes together. The file presents the
following categories:

* convergence details;

* design point results;

* governing wind direction;
* design value a;

* design value g;

° parameter explanations.

The governing wind direction provides information on which wind direction is important during the calcula-
tion. However, there are further higher calculation levels where all wind directions are combined or upscaled.
The element base level we are looking in the calculation will start with the governing wind direction. The table
is therefore filtered to the right wind direction.

The detailed output of the design value Beta can be filtered into two level, which present the failure probabil-
ity of the top element of the fault tree and the end result per assessment track in Riskeer. In the lower level,
the fault tree elements all add up to the top element, according to the type of gates. In the upper level the top
element is determined for every wind direction and combined in different scenarios to simulate possibilities.

When excluding the advanced processes and focusing on the fault tree elements, the level type id (table C.3)
indicates two important categories, namely ’'5 Fault tree combinations’ and '7 Sub mechanism’.

Every failure mechanism is described by an ID, indicated in the tables C.1 and C.2. An example of the output
for the governing wind direction is provide for the category design value Beta in table C.4. The same structures
are involved for the design alpha. The example is formed around the assessment track Non-Closure.
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C.2. EXAMPLE ASSESSMENT TRACK NON-CLOSURE

The assessment track Non-Closure of the hydraulic structure Rozenburg (gravity culvert) is used as an exam-
ple to extract the beta values for every mechanism. This process can be applied to every assessment track due
to the consistent build-up of the calculation output file.

Starting with level Type Id 7, which describes all (sub-)mechanism with corresponding limit states, defined by
sub-mechanism ID: 422, 424, 425, 426 and 427. The sub-mechanism codes correspond to the fault tree (Figure
A.2) by table C.1. Level type Id 5 describes the Fault tree elements and also the top element 'FaulttreeID 33’.
All the mechanisms are incorporated into the fault tree according to table C.2, which also specifies the type
of gate.

Table C.1: Description sub-mechanisms

SubMechanismld SubMechanismName

422 Structure 2017 Z12
424 Structure 2017 Z21
425 Structure 2017 Z22
426 Structure 2017 Z23
427 Structure 2017 Z24

For each of the sub-mechanisms, a result of beta can be found for a specific closing situation. The different
closing situation show the different scenarios which are possible with 3 gates, in which the value in 'ClosingSi-
tld’ 1 means open and 2 is closed. The result for fault tree element Z12 with all gates open is f = —7.94268.

Table C.2: Description Fault tree ID

Fault TreeIld Fault Tree Name Id1 1d2 Typel Type2 Gate
30 Structure failure by inflow 425 422 submechanism submechanism and
31 Failure by inflow 424 30  submechanism faulttree or
32 Closing failure 426 427 submechanism submechanism and
33 Structure not closing 31 32 faulttree faulttree and

The top element of the fault tree is given by fault tree ID 33 and is 5.036 or 5.093 depending on the closing
situation. This represents the lower level, after which the upper level runs several scenario’s according to
table C.3. Starting with the mechanism given the wind direction, which is wind direction 13 in this case. After
that the scenario’s of level type ID 8, 9, 10, 6, 11, 13, 12 and 2 are run. The program ends with the combining
of the results over all wind directions and presenting the final Riskeer result with level type ID 4. The result
presented in Riskeer is § = 4.54446.

Table C.3: Level type description

Level Typeld Description Level Typeld Description

0 Mechanisme given wind direction 8 Result scenario rule calculation

1 Upscaled to dyke section 9 After combining with scenario probability

2 dyke section and wind direction 10 After combining of rules to scenario

3 Combined over wind directions 11 After combining over closure scenarios

4 Final result for calculation period 12 Upscaled to largest block duration

5 Fault tree combination 13 Upscaled to dyke section given wind direction
6 Upscale to largest discharge duration 14 Final result for ring computation
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Table C.4: Temporary calculation result for design Beta value given governing wind direction

FaultTreeld LevelTypeld SubMechanismld Periodld WindDirld ClosingSitld BetaValue
-999 7 422 -999 13 1 -7,94268
-999 7 424 -999 13 1 18,5558
-999 7 425 -999 13 1 2,56384
-999 7 426 -999 13 1 3,98315
-999 7 427 -999 13 1 -7,94268
30 5 427 -999 13 1 2,56384
31 5 427 -999 13 1 2,56384
32 5 427 -999 13 1 3,98315
33 5 427 -999 13 1 5,09347
-999 0 427 -999 13 1 5,09347
-999 7 422 -999 13 2 -7,94268
-999 7 424 -999 13 2 18,4886
-999 7 425 -999 13 2 2,45807
-999 7 426 -999 13 2 3,98315
-999 7 427 -999 13 2 -7,94268
30 5 427 -999 13 2 2,45807
31 5 427 -999 13 2 2,45807
32 5 427 -999 13 2 3,98315
33 5 427 -999 13 2 5,03637
-999 0 427 -999 13 2 5,03637
-999 8 427 -999 13 111 5,09347
-999 9 427 -999 13 111 5,90577
-999 10 427 -999 13 11 5,90577
-999 8 427 -999 13 122 5,78808
-999 9 427 -999 13 122 5,78977
-999 8 427 -999 13 222 5,86908
-999 9 427 -999 13 222 5,87075
-999 10 427 -999 13 22 5,74409
-999 8 427 -999 13 131 5,09638
-999 9 427 -999 13 131 5,09828
-999 8 427 -999 13 231 3,38958
-999 9 427 -999 13 231 3,39233
-999 10 427 -999 13 31 5,09939
-999 6 427 -999 13 11 5,56482
-999 6 427 -999 13 22 5,08748
-999 6 427 -999 13 31 4,75302
-999 11 427 -999 13 0 4,717
-999 13 427 -999 13 0 4,717
-999 12 427 -999 13 0 4,71473
-999 2 427 -999 13 0 4,9476
-999 3 427 -999 0 0 4,81768
-999 4 427 -999 0 0 4,54446
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