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ABSTRACT: The Netherlands is facing a large dike reinforcement task.” Approximately
2,000 kilometers of a total of about 3,500 kilometers must be reinforced before 2050, most of
them in the nivers area. Climate change is expected to pose an even larger challenge in the
future. The current Dutch approach, in which dikes are made increasingly higher and wider to
limit the risks is expected to cause spatial problems. We must therefore develop practical alter-
natives. The concept of strong-flexible or ductile dikes, which breach only slowly in case of
overloading, reduce the risk of flooding and use less space"due to construction and the dike
material used. At present no practical method to define, quantify and economically evaluate
the ductility of dikes is available. This paper presents ghe set-up of a project elaborating the
concept. It will answer the question to what extent and in what way the long-term climate
robustness of dikes can be increased by means of ductile dikes. The research is pending and is
carried out by a consortium of knowledge institutions, government, water boards, mﬂ:uluncy
firms and contractors.

A

| INTRODUCTION v

In the Netherlands dikes have been built from the early Middle Ages. About 60% of the Neth-
erlands is flood prone. Informer days, the height and construction of dikes were mainly based
on experience. After the disaster in 1953, during which 1836'people died, a more scientific and
quantitative approach was developed. Safety standards were established based on simplified
risk assessments (Van Dantzig, 1956). Based on these Standards design rules are developed,
dikes are strengthened, and storm surge barriers have been built (van de Ven, 2004). To secure
safety against flooding, safety standards are established by law since 1996. These standards
are updated based on a more sophisticated risk assessments in 2017 (Ministerie van Infrastruc-
tuur en'Milieu, 2016). A periodic assessment is required by law as well. In the Netherlands,
for the majority of the dike length waterboards are responsible for the dike management, and
that includes this periodic safety assessment. In case a dike does not meet the standards it
enters the National Flood Prolec:mll Program, in which the dike reinforcements are planned
and financed since 2008. 4

The Netherlands is facing the largest dike reinforcement task since the program called Delta
Works, which was executed after the 1953 disaster. About 2,000 kilometers of a total of
approximately 3,500 kilometers must be reinforced before 2050, most of them in the rivers
area. Climate change is expected to pose an even larger challenge in the future. The economy
and number of inhabitants behind the dike 1s increasing due to, among others, growing city
centers and expanding industries. The current Dutch approach, in which dikes are made
increasingly higher and wider to limit the risks causes spatial problems in the long term in
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most of the densely occupied country. We must therefore develop practical alternatives that
balance spatial planning and safety against flooding.

Strong-flexible or ductile dikes reduce the risk of flooding. In (den Heijer & Kok, 2022) the
ductile dike behavior is defined as *a slow failure process of a dike, and a relatively slow or
depth-limited breach growth, both leading to reduced breach dimensions and reducing flood
impacts’. In terms of personified features, you could describe it as a dogged ductile dike. Since
in this concept the time during dike-breaching is important for the risks of flooding, they
expect that ‘integrated risk assessment, based on a time-dependent physical model, provides
the insight in the difference in risks between brittle and ductile dikes’. Together with the differ-
ence in costs this enables the trade-off of dike designs. This trade off may result in the use of
different dike maternal leading to reduction of needed dike dimensions, or in a more resistance
and resilience behavior with respect to climate change. The opportunities for ductile dikes in
the framework of a changing climate are being researched in a Dutch project ‘Climate robust
ductile dikes’ executed by participants from government, water boards, knowledge institutes,
consultancy firms and contractors.

In this paper we present the set-up of this project. We start with an overview of flood risk
management developments (section 2) and relevant recent studies (se€tion 3). Next, we present
the set-up of the project *Climate robust ductile dikes’ (section 4). Finally, we present the
pending discussions about definitions and considerations fur design and management (sec-
tion 5).

2 DUTCH FLOOD DEFENCE MANAGEMENT RELATED TO RIVER
MANAGEMENT

Main rivers in the Netherlands are the Rhine and the Meuse. In the early middle ages the
people lived on high grounds between and along the nivers, and were fishers (van de Ven,
2004). Obviously, the risk management consists of reduction of consequences of floods by
living on high grounds that were rarely reached by the floods.

The monks started to build the first protection against flooding with_small quays of clay to
protect larger areas of land and developed agricultural potential'in'the fertile flood plains. In
course of time these quays were connected to closed rings of small dikes, reducing the room in
the flood plains. The englosed land, however, was prone to flobds, devastating the crop and
properties. Obviously, the risk management was adapted 16 reduce the probability of floods.
At that time flood defence management was organised by the local community.

In the Middle Ages, the quay-heights were increased to small dikes for better protection of
the enclosed afeas. Irrigation of the enclosed areaseaused subsidence by which potential flood
depths increased. Consequently. the consequences of floods led to more damage and casual-
ties. Therefore, the flood defences were further increased in height. The risk management
focused more and more to reduce the probability of flooding by reinforcing the dikes. Flood
defence management was then organised more and more for in small regions by water author-
ities. The flood risk management was mainly based on experiences of previous floodings and
water levels.

In the late Middle Ages, the fannen. build dikes in the remaining ﬂuodpldme. in order to
increase their agricultural potential. This further decreased the room for the river. In the 18"
century the number of floods increased drastically. Due to inter-regional cooperation some
large measures were taken, such as digging the Pannerdensch Canal (1701-1709) to better
divide the water discharge between the river branches (Van Heezik, 2007). A National Public
Works authority was established in 1798 (Ryjkswaterstaat). From that time a number of meas-
ures were taken to streamline and train the river to better navigate as well as discharge the
river water. The risk management is still focused on reducing the probability of flooding. how-
ever, also by decreasing the loads. As a result, in the course of the 19" century the number of
flood disasters decreased.

In the 19"" and 20" century, the Rhine became more and more an important transport cor-
ridor from the major harbor of Rotterdam to the hinterland. The Meuse has been used for
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cole transport since early 20" century. This use changed during the last decades to the trans-
port of building materials i.e. sand and gravel. In the 20™ century. the 1953 flood disaster
introduced a large incentive for a more scientific approach for flood risk management (Delta-
commissie, 1960). Law-backed standards for flood defences lead to a further focus on limiting
the probability of flooding by assessing, monitoring and adapting dike strengths. National
financing caused a shift from (inter-)regional cooperation to national supervision of water
authorities for flood defence management.

The high-water levels and near-disasters of 1993 and 1995 in the Rhine led to a renewed
discussion on the standards against flooding. The program Room for the River focused on
measures for reduction of the probability of floods by decreasing the loads. Instead of super-
vising water authorities, cooperation between national regional and local level was required
because the extra room for the river caused relocation of dikes and thus a change in flood risk
management and spatial planning.

The concept of ‘Delta dikes’ was developed, brought up by the 2™ Delta commission,
which consists of dikes which are so wide, high or strong that they would not breach (Delta
Commision, 2008). However, are these concepts feasible, affordable and possible to build? Cli-
mate change, effecting flood risk, made it necessary to also prepare for unforeseen dike fail-
ures. Therefore, the last decades, the nsk management also focusses more on reduction of the
consequences of flooding by early warning, preparedness and evacuation planning. The
Meuse summer flood in 2021 forced to face unforeseen highswiter levels, resulting in the con-
clusion that absolute safety is not possible. Preparedness is also necessary.

In retrospective, the main focus on components of risk, being loads and strengths (hazards)
and consequences of flooding (sometimes divided in€xposure and vulnerability) (Thywissen,
2006) alternated over the centuries, but none of the three became unimportant. The topic of
this paper further focuses on reducing the consequences of flooding by an alternative con-
struction of dikes. This alternative construction is focused on having additional time during
floods for repair, reduction of flood velume. or evacuation. ]

3 RESEARCH ON DIKE STREﬁ:GTH. FAILURE PATHS AND BUCTILITY

The international research related to dike safety focused in the laSt century consecutively on
different parts of the risks¢hain. In the decades after the disaster’of 1953 and with the emer-
ging of computer capacity, numerical modeling of loads in rivers and seas emerged. First
focus was the dike height, with as main aspect the wayveyrun up and overtopping (J. W. van
der Meer, 2002). Other failure mechanisms followed. A 1ot of the research carried out on dike
strengths in thélast decades is summarized in thesInternational Levee Handbook (CIRIA,
2013). Research on probabilistic methods for flood defence systems intensified in the last
25 year of the 20™ century (Kortenhaus, 2003) (Steenbergen et al., 2004). Since probabilistic
methods require the evaluation of an exploding number of different load and strength situ-
ations, the use of look-up tables (for Iua_d’s‘] and fragility curves (for strength) increased (Vor-
ogushyn et al., 2009). Since the 90ties a-lot of effort has been put in the modelling of floodings
and the consequences (De Bruijn & van der Doef, 2011). Last decades Risk management is
upcoming (Poljansek et al., 2019) to optimally align the governance of different parts in the
risk reduction process.

The first steps towards the incorporation of residual strength became popular in the last
years. For a long time, researchers and politicians realize the strength of a dike is (much) more
than the resistance against an initial failure mechanism. Even in the first Delta Commission
assumed the frequency of the probability of flooding was at least a factor 10 times lower than
the high tide for which the dike was designed (Deltacommussie, 1960). Only after the establish-
ment of the new safety standards in 2017, which were based on the probability of flooding and
which numbers were much more stringent than the ones before which were based on load fre-
quencies, the development of failure paths emerged (Rosenbrand & KnoelT, 2020) (van den
Ham, 2020). In (A. W. Van Der Meer et al., 2022) the concept is applied for the dike reinforce-
ment project SAFE along the Lek river, focus on slope instability as initial failure mechanism.
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Even a step further is the concept of ductility, realizing a dike which is eroding during
a failure path (Van et al., 2022), the dikes’ shape changes during this process. This concept is
about reducing potential impacts. Brittle dikes will break rather suddenly, with a fast breach
growth process leading quickly to a large breach width. A ductile dike will break slowly,
giving time for the inhabitants to evacuate, and for the dike managers to take emergency
measures. After failure the dikes breach will grow only slowly, leading to a small breach width
and far less impact of flooding than a brittle dike failure. The concept and modelling for the
failure mechanisms piping and overtopping is presented in (den Heijer & Kok, 2022). Appear-
ances of ductile dikes are:

* Dikes of erosion resistant clay or equivalent resistant material. This may be placed in the
core, on the riverside as suggested in (Van Den Hoven et al., 2023), or at the land side in
a stability berm, all meant to reduce inflow in case of dike breach.

* Dikes with sheet piles which are stable in case of overtopping and damage: Sheet piles are
used to prevent piping or for dike stability. In case they are designed to be stable as well in
case of dike damage through i.e. erosion through overtopping dﬂd even overﬂl:rw, they pre-
vent the enormous inflow, which would occur in case of r.'ompl

* Very wide dikes, an appearance of delta dikes as well in {Delu omnm.lon 2008), which
prevents high flood impacts due to the time the failure pdﬁl takes before breaching, and
consequently the smaller breach widths. >

4 PRESENT RESEARCH ON DUCTILE DIKES™ y

The research, granted as SU1789 by the Taskforce for Applies Research SIA, p!h of The
Dutch Research Council NWO, answers thc’ following main question: To whatextent and in
what way can the long-term climate robustess of dikes be increased by means onf strong-flexible
or ductile dikes?

We are investigating the pracliggf options for ductile dikes, behaving wilh a slow failure
process, and developing a relatiVely slow or depth-limited breach growth, both leading to
reduced breach dimensions and reduced flooding impacts. Next to'the time available during
flooding, an important advantage of ductile dikes 1s that the Spﬂﬁd] use may be lmited by an
alternative dike structuresand material use.

Figure 1 shows 3 different appearances of dikes as prmn[ed in (den Heijer & Kok, 2022),
from which b) and c) are supposed to be more ductile than a) due to respectively the clay core,
which erodes mﬁh slower than the sand core, and the sheet pile, which reduces the flood
volume signifi€antly, because it will either wlihmnd or substantially reduce breach grow
during aw:rﬂow

Cirassrevetment

Aguifer

a) Present dutch sanddike b) Ductile dike with clay core

Grassrevetment

Aquifer

¢) Ductile sanddike with sheetpile

Figure 1. Appearances of dikes with different degrees of ductility.
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There is not yet a practical method to define, quantify and economically evaluate the ductil-
ity of dikes. It is also not clear how climate robust they are over their lifespan. The aim of the
research is therefore to generate practical insight into the climate robustness of ductile dikes,
in order to give guidance to policymakers, consultants and contractors and show concrete
cases of this new dike reinforcement option. The research questions are:

l. How can the ductility and climate robustness of dikes be expressed, so that different
designs can be compared?

2. What toughness do our current dikes have, and what management efforts, reinforcement

costs and risks do we (apparently) accept given the legally established standards?

How can ductility be achieved in the design of dikes?

How climate robust are our current dikes and current designs?

To what extent does the climate robustness of ductile dikes differ from thdl of current

dikes?

6. How can we increase the ductility of the existing dikes in order to hd\raf a more climate-
robust flood risks reduction system in the long term?

L e L

The research questions are studied in 3 work packages. First, we €onsider the ductility in
our current dike design (work package 1). Subsequently, examples for ductile dikes are devel-
oped and small-scale tests are performed (work package 2). Existing and new dike design are
assessed for climate robustness by a stress test (work package’3). The synthesis of these work
packages results answers the main research question. The research is performed with twelve
partners from government, water boards, knnwiudge msmul:um. consultancy firms and the
construction industry, .

5 CONCLUDING DISCUSSION

An inventory of examples of ductile dikes has been performed and an inventory of definitions
and decision-making aspects of ductile dikes and climate robustness has been described.

The inventory led to a number 6f cross sections which provide Exmnpies of existing dikes
with assumed ductile behavior, providing an overview of most lmpnrlant features of ductile
dikes:

. ¥

* Limited inflow due to'the slow breakthrough process. ItAs obvious that delay of break-
through after pecurrence of an initial failure mechamism, lead to delay of the inflow. In
Figure 2 this would mean the start of the inflow leading to the increase of polder water
levels (blue) would shift to a later time. This would Tead to a limited total inflow volume of
water into the hinterland.

* Limited inflow due to the slow breach growth prm.ess with limited breach width and depth.
The difference between breach growth of $and or clay dikes is significant (Verheij, 2003),
consequently effecting the inflow. !

= Warning time due to the clear and monitorable process during a failure path, providing
opportunities for repair and evaguation. In case the dike erodes or appears to be instable
by starting to slide as a part of a failure path, a ductile dike provides time to take emer-
gency measures,

The matenials and construction method of a dike are seen as most important to get these
ductility features. Building ductile dikes may require more budget, but this is certainly not
always the case. Maybe less volume of materials is needed, or less room for the dike is needed.
And some of the effects of building in ductility reduces flood risks: the expected damages are
lower due to the reduced inflow of water volume. However, the most important motive to be
protected by a ductile dike compared to a brittle dike, is the reduced risk of casualties due to
drowning.

A practical definition of a ductile dike is *a dike which its construction is meant to delay the
breakthrough process in case of overloading, and to limit breach widths reducing the inflow
of water into the hinterland’. To take maximum advantage of ductility, it should be
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incorporated into the design in such a way that the failure mechanisms that could quickly lead
to large breaches develop substantially slower than others. In the project we use a definition
of climate robustness as the extent to which the consequences of malfunctioning of a structure
during its lifespan are insensitive to unforeseen climate change.

The lifespan of dikes is in general many times longer than that of a concrete structure.
Many dikes in the Netherlands exist already several centuries or longer. Therefore, an import-
ant consideration to construct ductile dikes is the management during its lifetime. A feature of
a ductile dike is that after initial failure the dike may be damaged without breaching. Follow-
ing this feature the dike could be damaged several times during its lifespan. Most dikes are
designed for a horizon of 50 years. An event which causes dike damage will require immediate
repair which costs could be in the order of magnitude of a regular reinforcement. In case the
event occurs rather quickly after a reinforcement it would require additional budget. Since the
safety standards are stringent the effect on life cycle costs is assumed to be limited.

Concluding, this paper presents the motive and fist steps in the researcb-ﬁn ductile dikes,
meant to gain insights for practical applicability and affordability. This is a necessary step in
its promotion from a promising and challenging alternative to reduce risks (especially on cas-
ualties) and to save space, into an option for the reinforcement mﬁ of the Dutch National

Flood Protection Program.
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