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Summary

Introduction
This report discusses the feasibility and effectiveness of emergency measures
against river floods. The problem definition for this project is:

The strength of river dikes during high water is insufficient.

Objective

The Objective of this project is:

To develop a method or system to temporarily increase the dike strength during
flood wave conditions.

Here, the dike strength in its broadest sense is meant. This means that besides
the crest height also other properties are considered.

Failure mechanisms

Generally, the dike height is designed with respect to a certain normative water
level. The protection level is herewith based on the overtopping and overflowing
mechanism. Besides overtopping and overflowing other mechanisms, especially
piping, could contribute to dike failure. Piping is a mechanism where sand
erodes from underneath the dike due to a groundwater flow that is the result of
a water level difference. This erosion creates a “pipe” underneath the dike that
will eventually undermine the dike and will cause its collapse.

Two stages in the piping process: the formation of a pipe and the failure of the dike

Emergency measures

Piping and overtopping at river dikes both have their specific characteristics.
Overtopping can occur at any dike while piping is restricted to dikes with specific
geological characteristics. Piping has two other important properties that
determine the usefulness of a method or system to prevent it.

On the one hand, there are only few emergency systems against it. On the other,
it can occur for water levels below the protection level of a dike, while
overtopping only occurs for water levels above this protection level. In other
words, a measure against piping will be used on a more frequent basis.

The proposed emergency measures are the traditional temporary crest

heightening against overtopping by means of the deployment of a Temporary
Flood Defense (TFD) system and the creation of a water berm to prevent piping.
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The latter decreases the head difference between the river and land side of the
dike, which is the driving force behind the mechanism.

L

The proposed emergency measure against overtopping (left) and piping (right)

The chart below displays the conditional probability of failure related to the river
water level. The chart incorporates the calculation results of three cases, namely
a reference situation, a case where a water berm is applied and a temporary
crest heightening.

The results show that a water berm can be very effective with respect to
decreasing the probability of failure through piping. The curve shifts to the right,
meaning that the probability of failure through piping decreases. For example, in
the reference situation the probability of failure was 80% for a water level of 1m
below the dike crest. When applying a water berm, the probability of failure
drops to around 2%

On the other hand measures against overtopping have little effect when piping is
also a problem. Though the probability of failure through overtopping decreases,
the probability of failure through piping remains the same and results in a failure
probability of the same magnitude. The line for the temporary crest heightening
case is therefore practically the same as that of the reference situation. When
other mechanisms such as piping are of smaller importance, temporary crest
heightening can however be effective.
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Temporary flood defense (TFD) systems

Both the temporary crest heightening and the water berm measure make use of
some sort of water retaining system. Since there are numerous existing water
retaining or TFD systems, the next step is to choose the most suitable system
for the intended purpose.

The Twin Flex Barrier (*Mobiele Waterdam” in Dutch) water-filled tube type of
system is determined to have the best performance on the aspects of costs,
deployment, stability and applicability. This system consists of two parallel tubes
connected at one point. It has relatively low costs and a very high deployment
rate and makes very few demands on the location of application.

Attempts to improve the stability by a modified tube shape showed that the
shape has little effect on stability. The standard circular twin tube shape will
therefore remain the most obvious. Because piping could in some cases lead to
failure of the system, the design was adapted by adding a sealing sheet in front
of the tubes to increase the piping length.

Reliability and scale of application

The reliability of a system is assessed by examining the different failure modes.
Especially the logistic feasibility is a point of concern. The maximum length that
can be applied with reasonable reliability lies in the order of 4km in case of a
warning time of 3 days. For the water berm application this is not so much of a
problem since this mechanism is in general restricted to locations of often less
than one kilometer. As a measure against overtopping, the scale limits the
application to e.g. river cities where dikes can not be heightened due to a lack of
space.

Recommendations

It must be stressed that the calculation of the logistic reliability incorporates a
lot of uncertainties and assumptions. A next step in the research could be an
inventory of possible sites of application both against piping and overtopping.
For a specific site the logistic feasibility of the emergency measure can then be
more accurately determined.

Besides the logistic reliability, there is still some uncertainty on the reliability of

the effectiveness of a sealing sheet. It is therefore recommended to further
investigate this by testing the system.
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1 Introduction

This report discusses the feasibility and effectiveness of emergency measures
against river floods. The literature study that preceded this report, evaluated
several fields of application of emergency measures. Eventually the scope was
directed towards emergency protection against river floods as being the most
interesting field for further research. The problem definition for this project is
therefore:

The strength of river dikes during high water is insufficient.
The Objective of this report is then:

To develop a method or system to temporarily increase the dike strength
during flood wave conditions.

Here, the dike strength in its broadest sense is meant. This means that besides
the crest height also other properties are considered. After a short description of
the background of protection levels of river dikes world wide, the mechanisms
that contribute to dike failure are investigated. This is done by means of a
theoretical and historical analysis of dike failure (chapter 3) concluding with a
choice for the most important failure mechanism(s). Based on this, the possible
measures are identified and their effectiveness is determined through
probabilistic calculation (chapter 4).

Next, the possible systems that can be applied to realize these measures are
discussed in chapter 5. These systems will be compared on the aspects costs,
deployment, stability and applicability in the chapters 6 to 8 respectively. On
basis of these different aspects the system with the best properties will be
chosen in chapter 9. Based on this system an preliminary design will be made in
chapter 10. Chapter 11 discusses the reliability of the system mainly with
respect to logistics, also giving an indication of the possible scale of application.
Finally chapter 12 draws a conclusion and gives recommendations for further
research.
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2 Background on flood defenses

2.1 River floods

2.1.1 General

Floods currently account for half of all deaths caused by natural disasters.!*!
Many floods are caused by rivers bursting their banks. The consequences of a
river flood are often severe, ranging from damage to property, loss of crops and
of course loss of life. The consequences of a number of historical floods are
described next.

2.1.2 Impact

In the USA the Mississippi Flood of 1927 killed 246 people in seven states while
flooding over 70,000km? of land. The Great Flood of 1993 along the Mississippi
and Missouri rivers had a lower death toll (about 50 people) but flooded an area
of 840,000km? (twenty times The Netherlands) and triggered the evacuation of
74,000 people.

In 2002 Central Europe was stricken by extensive flooding. In Germany floods
along the Elbe River caused economic damage of approximately €15 billion. In
the Czech Republic the Moldau River flooded, killing 17 and forcing the
evacuation of 200,000 people. The total damage in the Czech Republic
amounted to €3.3 billion.

AT R AR 1 - Tt : B g el R el i Wi i g £
fig. 1  The Elbe River, 2002: before the flood (left) and during the flood (right)

The Far East is also regularly plagued by river floods. One of the largest river
floods of the last decade is the Yangtze River flood in China in 1998 left 14
million people homeless and killed 3,004. Presently (summer 2007) the south of
China is again suffering extensive flooding. Already half a million people have

been evacuated and hundreds have perished.

2.1.3 Warning time and emergency measures

River floods are characterized primarily by the fact that they have a relatively
long warning time compared to a storm surge at sea. In The Netherlands the
warning time for high water ranges between 2 to 3 days for the rivers and only
6 to 12 hours for the sea.['®! Therefore, the application of emergency measures
is more suitable for river floods than for storm surges.
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The need for emergency measures is primarily dependent on the protection level
of the existing flood defenses and the value of the protected area. For dikes with
a low protection level this need will be higher than for those with a relatively
high protection level.

2.2 Protection level

All over the world river dikes are designed to be able to control a certain
normative water level. This water level has a probability of occurrence that is a
measure for the protection level of the area behind the dike. This protection
level differs per river and even more important: per country. For the sake of
completeness it must be added that the crest height of a dike often incorporates
an extra margin called the freeboard. This additional height above the normative
high water level is primarily intended to prevent wave overtopping. In the next
paragraphs the situation in several countries is described.

Normative Freeboard
water level \k

e /T\

fig. 2  Protection level and freeboard

2.2.1 The Netherlands

The Netherlands is located in the delta of the rivers Rhine and Meuse. The fight
against floods has existed for a millennium. Many floods where caused by storm
surges on the North Sea but also as a result of high waters on the rivers.
Between 1750 and 1800 alone, the river dikes breached for 152 times.[*®) After
the establishment of the Bureau voor den Waterstaat (now known as
Rijkswaterstaat) that executed the much-needed dike reinforcements, the
frequency of river floods decreased.

The Dutch river dikes are designed to resist the 1/1,250 per year high water
level and have a crest freeboard of at least 0.5m. Dikes in the inter-tidal area
have a slightly higher protection level of 1/2,000 per year because the threat
comes from both the sea and the rivers. This high protection level stems from
the severe consequences a river flood would have. Failure of a dike would cause
the dike ring area to fill up like a bathtub, leading to serious economical damage,
not to mention the potential loss of life.

In the Dutch province Limburg the areas around the river Meuse have a lower
safety level. The dikes along the Meuse in Limburg have been designed to
withstand the 1/250 per year water level. This is five times larger than the
design frequency for the dikes in the lower delta area, but the consequences of
a flood in Limburg are generally less serious.
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2.2.2 Germany

In Germany, there are no national laws on the level of protection against river
floods. The protection level differs between the federal states (Bundeslander)
but also within these states.

For example the protection level for the Rhine dikes in Nordrhein-Westfalen is
1/200 per year upstream of Duisburg and 1/500 per year between Duisburg and
the Dutch border.l'”) The 1/500 per year protection level corresponds with a
design discharge of 14,500 to 14,800m>/s at Emmerich. These dikes have a
freeboard above design water level of 1m. Compared to the 0.5m margin in The
Netherlands the safety level of the Dutch and these German Rhine dikes is
actually quite similar.[*®

2.2.3 USA

Many rivers cross the USA with probably the most well-known being the
Mississippi River. The protection level in the USA differs for various rivers and
various cities. In table 1 the protection level for different cities is shown to vary
from 1/85 to 1/500 per year.

City River Return period (years) "
Saint Louis Missouri and Mississippi Rivers 500

Dallas Trinity River 500

Kansas City Missouri and Kansas River 500

New Orleans Mississippi River 250

Sacramento Sacramento River 85

table 1 Protection level for some of America’s Major River Cities

2.2.4 Vietnam and China

Part of Vietnam lies in the deltas of both the Red River and the Mekong River.
During the 20™ century, the Red River has caused 26 major floods, the biggest
one in 1971 which had a return period of one hundred years. The dike system in
the Red River delta protects some 16 million people. The dike heights average
between 6 to 8m metres with maxima up to 11m. Design frequencies are in the
order of 1/10 to 1/50 per year.

One of China’s major rivers is the Yellow River. A large part of the Yellow River
dikes can withstand a flood level that occurs as frequent as once every 10 to 20
years. As a consequence flooding often occurs. The dikes along the Yellow River
on average have crest heights of around 10m, incorporating a freeboard of 2 to
3m with respect to the normative high water level.[®!

2.3 No guarantee for absolute safety

Protection levels of river dikes around the world differ in the order of magnitude
from 1/10 (Asia) to 1/1,000 (Europe) per year. But even when protection levels
are high, there is always a possibility that dikes are breached and a flood occurs.
The next chapter discusses the different failure mechanisms that contribute to
dike failure.
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3 Dike failure mechanisms

3.1 General

The protection level of a dike is often linked to a certain normative water level.
With this, the protection level is actually based on the mechanism of wave
overtopping or overflowing. Traditionally, the focus of emergency measures is
primarily on preventing this mechanism.

There are nevertheless several other mechanisms that could lead to dike failure,
three of which are macro-instability, micro-instability and piping. This chapter
discusses these mechanisms both theoretically by making some calculations and
practically by looking at the historical causes of dike failure and flooding in
several countries around the world.

3.2 Stability and failure mechanisms

3.2.1 General

This paragraph contains several calculations of the failure mechanisms
overtopping, macro-instability, micro-instability and piping. The purpose of
these calculations is to determine the potential impact and the sensitivity of the
of the mechanisms to the input parameters. The used equations and parameters
are incorporated in Appendix I.

For these calculations a case dike with a height of 6m, crest width of 5m
(common for a dike with a road on its crest) and a slope of 1:3 will be used. A
river dike with these dimensions is not uncommon in the Dutch river area. The
impact of these mechanisms will be assessed for a water level that varies from 0
to up to the dike crest.

The results will be presented in graphs with factors of safety (FS). The factor of
safety is the ratio between the resisting and the driving force of the failure
mechanism.

_ resisting force
driving force

FS

When the factor of safety is 1, the driving and resisting force are exactly equal
that the system is on the brink of instability. When the safety factor drops below
1, the driving force becomes larger than the resisting force. In other words: the
dike becomes unstable.
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3.2.2 Overflow and Overtopping

Overflow and wave overtopping cause a flow of water over the crest of a dike
leading to erosion of the inner slope. Eventually this erosion will lead to failure of
the inner slope and collapse of the dike. Overflow and overtopping are the most
obvious failure mechanisms and traditionally the focus of emergency measures
has been on preventing these mechanisms. The mechanisms cause a flow of
water over the dike which could lead to erosion of the inner slope eventually
resulting in the collapse of the dike.

X

fig. 3  Overtopping of a dike

Overtopping does not become a problem before the so-called critical discharge is
exceeded. The critical discharge depends on the state of the inner slope of the
dike. This relation between inner slope condition and critical discharge is
displayed in table 2.

Critical average discharge,

Condition of inner slope qc (/s per m)
Sandy soil with poor grass cover 0.1
Clayey soil with reasonably good grass cover 1.0

Clay covering and grass cover according to the 10
requirements for the outer slope or for a armored inner
slope

table 2 Critical average discharge for different inner slope conditions 1%

Recently, tests have been carried out by Infram and Rijkswaterstaat in The
Netherlands in which the resistance of the inner dike slope against erosion was
tested on a reinforced grass cover. Results show that higher overtopping
discharges than 10 I/s per m can be allowed for slopes that are in good condition.

The most important parameters in determining the overflow and overtopping
discharge are the height of the dike crest above the still water level and the
wave height. The calculations were made for wave heights ranging from 0.25m
to 1.00m.

The results are displayed in fig. 4. It shows the increase of the overtopping
discharge related to the free water level below the crest. What can be seen in
the chart is that for waves of 1m the critical discharge of 10l/s per running
meter is already exceeded for a still water level of 1.25m under the crest. For
lower waves the discharge becomes critical at a much higher water level. Waves
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of 0.5m only become dangerous when the water level is less than 0.5m below
the crest.
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fig. 4  Wave overtopping discharge relative to the distance of the still water level below
the crest

The wave height that can occur on a river depends mainly on the wind velocity
and the fetch length. The latter is the distance over which the wind generates
waves on the water surface and is in fact related to the width of the river. The
depth of the water is also of some influence but not to the extent of fetch and
wind velocity.

For rivers, the fetch is generally limited to several hundred meters for smaller
rivers up to a few kilometers for bigger rivers. High waves will then only occur
when the weather conditions are extremely unfavorable. For a fetch of 1km and
for waves to reach a height of over 0.75m the Beaufort wind force has to be at
least 10 (see the Bretschneider calculations of Appendix I). To put this in
perspective: in The Netherlands wind force 10 or higher has only occurred 58
times in the last century.!*?

For rivers this means that overtopping will generally only occur for extremely
high water levels. The probability that a high water level occurs simultaneously
with extreme weather conditions is very small because these two situations are
independent.

Intermezzo

For a storm surge at sea this is different since high water level and extreme
weather conditions are correlated. An extremely high water level is then always
the consequence of high winds creating a wind set up. That is why this report
only discusses the use of emergency measures for river dikes. The weather
conditions during a storm surge at sea would most likely undo any effort to
apply the intended emergency measures.
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3.2.3 Macro-instability

Besides overtopping, a possible failure mechanism is macro-instability. This
describes the stability of a slope as a whole and is defined by failure of the dike
through sliding of the slope. Generally, this is approached with a slip-circle
analysis according to the Bishop-method. This method considers the ratio
between load and strength (the Factor of Safety, see paragraph 3.2.1).

The mechanism is illustrated in fig. 5. It is influenced by the slope steepness (a
steep slope is more prone to sliding), the soil type and the height of the freatic
line in the dike. The latter is the groundwater level inside the dike that fluctuates
with the river water level and is dependent on the permeability of the dike. A
clay dike is less permeable as a result of which the freatic line will be lower than
that in a sand dike. A high freatic line has a negative influence on macro-
stability.

-
-
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Failure of the inner slope o;‘ a dike through a circular slide plain

iy .-'X/ F
fig. 5

Two different dikes are calculated, a clay and a sand dike. For each dike the
sensitivity of macro-stability to a variation in the slope is analyzed by varying the
slope from 1/2 to 1/3 and 1/4. The results are shown in fig. 6.
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Slope:
2 — 172
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Sand dike Clay dike
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-6 -5 -4 -3 -2 -1 0 -6 -5 -4 -3 -2 -1 0
water level with respect to crest (m) water level with respect to crest (m)

fig. 6  Macro-stability of a sand (left) and a clay dike (right)
Two important conclusions can be made on basis of these results. The first is

that the macro-stability of a clay dike is good even for slopes as steep as 1/2.
The second is that in the considered range of water levels, the stability of the
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sand dike is only sufficient for slopes less steep than 1/3. Depending on both
dike geometry and material, macro-stability can become a problem for relatively
low water levels.

3.2.4 Micro-instability

Micro-instability treats the stability of the grains on a slope, as opposed to the
stability of the slope as a whole (macro-stability). This mechanism is a
phenomenon in which the lower part of a dike becomes instable due to water
seeping out of the inner slope.

The extent to which this is a problem depends on the dike material (see table 3).
Clay dikes are insensitive for micro-instability since clay is a both impermeable
and cohesive material. Sand lacks these two properties and is vulnerable to
micro-instability. There are two different mechanisms: washing out of grains and
heave and shear of the clay top layer.

For sand dikes it is a problem particularly when the water level on a river is high
and when due to a failing drainage facility the freatic line in the dike is
sufficiently high to reach the inner slope. The freatic line intersects the inner
slope of a sand dike at approximately 4 of the water level in front of the dike.[!!

Dike type Effect high water level on micro-stability
. o

Clay Dike :| \‘ FH L T"\F‘\ No problem

Pl | ] . .
Sand Dike Washing out of grains

ATTT

Sand Dike with top ;ﬂf‘h___ W\uhr Heave and shear of clay top
layer of clay " S layer

o ™

table 3 Effects of high water on micro-stability for different dike types

Whether or not erosion through micro-stability occurs, depends on the ratio
between driving and resisting force, where the driving force is the result of the
water flow through the dike and the resisting force a result of the weight of the
grains on the slope and friction with other grains along the slope.
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fig. 7  Safety against micro-instability

What is displayed in fig. 7 is that slope steepness has a significant effect on
micro-stability. For a slope of 1/2 problems with micro-stability will occur for
water levels of 3 to 4m while a slope of 1/3 is stable for the whole range of
water levels. This means that micro-instability will only lead to dike failure for
relatively steep slopes.

3.2.5 Piping

Piping is a mechanism similar to micro-instability. The difference is that micro-
instability considers a flow of water through the dike while piping is caused by a
flow of water underneath the dike. This flow of water can cause erosion of grains
from the subsoil creating a pipe underneath the dike. This pipe undermines the
dike which will eventually collapse. The development of a pipe underneath a dike
and the eventual collapse of that dike are illustrated in fig. 8.

—

fig. 8 Two stages in the piping process
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The piping process amplifies itself because the increasing pipe-length decreases
the resistance and consequently increases the flow of water. Another important
property is that piping often manifests at the same location for successive
periods of high water, even when years may pass in between. This indicates that
the created pipes somehow stay intact and may not “heal” in the meantime.[**

There are three important conditions for piping to occur:
e an impermeable dike on a permeable subsoil;
+ a water level difference between the river and the land side of the dike;
« a relatively short piping length;

In this case the piping length is in fact the base width of the dike which depends
on the steepness of the inner and outer slope. Varying the dike slope from 1:2
to 1:4, results in a piping length that ranges from 29 to 53m. Two other
important parameters in the calculation are the permeability of the sand
underneath the dike and the grain diameter of this sand. To be able to visualize
this sensitivity, both the results for fine (200um) and coarse (300um) sand are
displayed in fig. 9.

The shown safety factor against piping is the ratio between the critical head
difference (Ah.) and the occurring head difference (in this case the water level
on the river). This critical head difference can be calculated with the method of
Sellmeijer (see Appendix I).

dike slope:
2T —_— 14
—_ 1/3
— 12
1= = = = = = =
B d70: 200 ym
0 T T T T T T T T T T
-6 -5 -4 -3 -2 -1 0 -6 -5 -4 -3 -2 -1
Water level with respect to crest (m) Water level with respect to crest (m)

fig. 9  Safety against piping for different water levels

It is clearly visible that the safety against piping drops rapidly when the water
level increases. The figures also show that finer sand is much more vulnerable to
piping than coarse sand. For sand as fine as 200um and the dike with slopes 1/3,
which is not uncommon in the Dutch river area, piping occurs for a water level
difference of little over 3m. In this case the water level is almost 3m below the
crest.
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Intermezzo

The piping mechanism can be examined by means of the Sellmeijer model.
Sellmeijer incorporates many parameters and is therefore probably one of the
more accurate methods presently available. However, the model is still a
schematization of reality. There have been situations where piping occurred
though calculations according to Sellmeijer did not indicate this as being
possible.

A top clay layer is a common feature along river dikes. For piping to occur this
clay layer must be discontinuous at some point to allow the outflow of water.
Often discontinuities are present like man made works such as a ditch behind
the dike or geological features like natural sand-ridges crossing underneath the
levee (fig. 10).

[T cear
SILTY SAND AND SANDY SILY

fig. 10 Sand deposits crossing a Mississippi river dike and sand boils behind the dike!**

If a clay layer is continuous, the only possible way for piping to occur is by lift
up of the clay layer by the water pressure in the aquifer. When the pressure
becomes too great, the uplift force can cause the top layer to crack which will
lead to an outflow of water and possibly piping. The uplift or “heave” of a clay
layer is illustrated in fig. 11.

P

fig. 11 Heave of the clay top layer behind a river dike
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The resistance against heave consists of the weight and thus the thickness of
the impervious top layer. The uplift force is determined by the difference
between potential head in the aquifer and the freatic water level. The factor of
safety is the ratio between these two forces. The calculation results are
displayed in fig. 12. The water level on the polder side is assumed to be at the
surface.

2

Clay layer
thickness (m)

8.00
6.00
— 4.00

water level with respect to crest (m)
fig. 12 Safety against heave related to the water level difference

The results show that thin clay layers of 2m or less have a very low safety
against heave and in fact will lift up for a water level of only 2m (in this case 4m
below the dike crest). It is clear that an increasing water level exacerbates the
heave mechanism and a thicker clay layer gives a larger resistance. To prevent
heave, the clay layer should have a thickness of at least 6 to 8m.
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3.3 Causes of dike breaches and flooding

3.3.1 General

After the general description and deterministic calculations of failure
mechanisms in paragraph 3.2, It is still unclear to what extent the mechanisms
and properties discussed, occur in practice. Therefore, this paragraph will give a
brief overview of historical causes of dike breaches and flooding for river areas
in different countries around the world.

3.3.2 The Netherlands

The last flooding by the River Rhine in The
Netherlands occurred in 1926 when the
discharge reached its historical maximum
of 12,800 m3/s. In 1993 and 1995, high
water on the rivers caused a lot of trouble
although no dikes where breached. In
1995 the situation was that precarious
that the decision was made to evacuate
200,000 people. At several locations sand
boils occurred, caused by the indicating &2

the outflow of sand due to piping. fig. 13

e T

o~

A sand boil

Historically, two third of the dike failures were caused by erosion of the inner
slope as a result of overflow and wave overtopping, other mechanisms where of
a lesser importance. Erosion of the outer slope and instability of the inner slope
accounted for respectively 6 and 5% of the dike failures. In only 1% of the cases
piping was the cause of failure. It must be added that in the past the more
complex failure mechanisms were probably not recognized. Dike failure would
then have been attributed to overtopping while in fact other mechanisms may
have had a larger contribution to the eventual collapse of the dike.[*

fig. 14 Overflow (left) and macro-instability: slope slide at Streefkérk, 1984 (right)
Besides this, the current dikes are built more robust. In the past, dikes where
constructed with slopes as steep as 1:2 for which only a small overtopping

discharge could do serious damage. Nowadays slopes are less steep and a small
overtopping discharge does not immediately lead to failure.
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Another explanation for the large contribution of overtopping to dike failure is
that for centuries dikes were heightened only after a flooding took place. The
height of a dike was thus determined on basis of the highest known water level.
This has been the course of action until the 1950’s. After the 1953 North Sea
Flood, the policy changed to a semi-probabilistic approach, meaning that a
normative water level was determined on basis of extrapolation of statistical
data. This data consisted of water heights measured over a period of only two
centuries. The determined normative water level is then actually a water level
that has never occurred before. Dikes are much higher nowadays so the
probability of failure due to overtopping is much smaller. The importance of
other failure mechanisms has therefore increased.

Flood-risks and safety in The Netherlands

The project “Flood-risks and safety in The Netherlands” (VNK) investigates the
safety against flooding of the different dike rings in The Netherlands. In the
main report of November 2005!°! and the different sub-reports,?®! the flood risk
and the importance of different failure mechanisms are compared for several
dike ring areas. The Dutch dike ring areas are displayed in Appendix IV.

From this comparison (fig. 15) it can be derived that overtopping and
overflowing are seldom the most important failure mechanisms. The chart of fig.
15 shows that for eight dike ring areas, heave and piping is the most important
failure mechanism. The contribution of overtopping and overflowing of dikes is in
some cases almost negligible. For the dike rings 10, 36a and 52 the flooding
probability is for more than 90% dependent on heave and piping.

0% 20% 40% 60% 80% 100%

Dikes
overflow and overtopping
macro-stability

heave and piping

Damage to revetment and erosion JF:'
-—‘

Hydraulic structures

failed closure

g H10 m15 W16 M36
overtopping
36a B38 W48 W52

failure of construction [~
|

fig. 15 Relative contribution of different mechanisms to flooding probability of dike ring
[20]
areas
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The contribution of a failure mechanism to the probability of flooding does not
say anything about the actual probability of flooding; therefore the probability of
flooding through piping for some dike rings is displayed in table 4.

Dike ring area Prood (Per year)
through piping

10 Mastenbroek 1/42

15 Lopiker and Krimpenerwaard 1/3.7

16 Alblasserwaard en Vijfheerenlanden 1/422

36 Land van Heusden / De Maaskant 1/110

36a Keent 1/280

38 Bommelerwaard 1/562

43 Betuwe, Tieler and Culemborgerwaard 1/441

48 Rijn en IJssel 1/214

52 Oost-Veluwe 1/48

table 4 Probability of flooding through piping and contribution of piping to total flood
probability for different dike ring areas'?°

These probabilities should not be taken too literally. The once per four years
flooding probability of dike ring 15 does not correspond with the fact that the
last flooding of dike ring 15 dates back to the 1953 flood disaster. This can be
partially attributed to the fact that there is a lot of uncertainty in the input
parameters of the piping calculation. Although the data in table 4 may not fully
correspond with reality, they may however indicate that piping could have a
greater impact on dike stability than was acknowledged in the past.

These failure probabilities per dike ring area are composed of the different
failure probabilities of individual dike sections. That piping is a local phenomenon
can be seen in table 5 for the dike ring area Mastenbroek in The Netherlands.
The different dike sections that are vulnerable to piping have lengths in the
order of 1km or less and together represent only 20% of total length of the dike
ring, but contribute for 90% to the flooding probability.

Dike section Return period Length
number (years) (m)
04 67 600
11 240 1,000
08 294 1,000
41 334 800
36 380 500
06 416 1,300
03 871 1,150
42 1,131 900

table 5 Weak dike sections due to piping for dike ring area 10 %%
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Another indication that piping is an important failure mechanism is presented by
Ter Horst (2005).""! For dike ring area 43 the conditional probability of failure
given a high water level was determined. The mechanisms piping, instability of
the inner slope, erosion of the outer slope and overtopping where considered.

10 1995-ﬂ00d wave MHW-level

o9l Fiping /

nstabilty /

08 1— : :
—a— Frosion /
0.7 - :

| —8— Overtopping

0.6

0.5

0.0

H“H‘E.L---___‘_____‘h_

Failure probability [-]

10 100 1000 10000
Return peried T [Years]

fig. 16 The development of the probability of flooding of several mechanisms with
respect to the occurring water level

From the calculation results (fig. 16) it can be concluded that the influence of
erosion and instability are negligible, while piping and overtopping are not. It
can be seen that piping and overtopping are of equal importance for the 1/1,500
per year water level (roughly the design water level).

However, piping is already important for lower water levels. For example, the
probability of failure through piping was 7 to 8% for the 1995 flood wave, while
overtopping was of little concern. The high water situation with a return period
of 50 years has a probability of failure through piping of approximately 5%.

That piping is more than a theoretical mechanism but can actually lead to the
failure of dikes was demonstrated in Zalk, The Netherlands on January 8,
1926.1%1 Here, the water level of the River IJssel was at a historically high level
but still 50cm below the crest. The water level difference between the river and
polder was only 2.5m but this was enough to cause a sand boil to develop. The
continuous sand transport eventually undermined the dike and led to its collapse.
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3.3.3 Outside The Netherlands

The Netherlands is a country where the dikes have a very high protection level.
But as was described in paragraph 2.2, there are other countries that have
much lower protection levels and possibly the causes of flooding are also
different. This paragraph describes the situation in those countries.

USA

The Mississippi recently flooded in 1993, the flood was larger than the 1/100 per
year event. Hundreds of levees failed along the Mississippi and Missouri Rivers.
As a result, fifty people were killed and damages approached US$ 22 billion.

T Ty, o S B na W T e T i, T

fig. 17 A breached river dike during the Great Flood of 1993

During the Great Flood of 1993 sand boils were reported along the Mississippi
north of Cairo, Illinois, where a water level difference of 4m between the river
and the landside occurred. Sand boils were abundant within 5m of the levee toe,
only small pin boils were observed at a distance of 100m from the levee, and
beyond 100m, there was no significant evidence of piping. The sand boils had
diameters between 0.5m to 10m, and they commonly extended 0.3m above the
ground surface.[**! Several dikes eventually collapsed due to sand boils.

In the USA a lot of dikes have been built on permeable subsoil and piping is a
mechanism that occurs regularly. Dike breaches in the past have been reported
to be preceded by the occurrence of sand boils, a strong indication of dike failure
due to piping.

Besides the Mississippi, also the rivers in California are familiar with piping
during high water. The picture of fig. 18 shows the emergency measures against
piping that have been constructed to stop the erosion of sand from underneath
the dike. It can be seen that the sand boils all occur near the toe of the dike.
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fig. 18 Sand boils and emergency measures in California (left) and a levee breach
caused by piping during the 1972 Mississippi flood (right)

China

The Yangtze River flood of 1998 killed over 3,000 and left 14 million people
homeless while the economic losses amounted to 24 billion US Dollar. A total of
495 dikes breached of which 64% caused by overtopping and 9% by piping.[**!
Though overtopping is still the major contributor to failure, piping is also of
importance.

When in the future dike crests are heightened to decrease the overtopping
probability, piping will gain importance as a cause for dike failure. And the dikes
will have to be heightened because the river beds in China are rising due to
continuous sedimentation of up to 10cm per year. To keep up with this rising
river bed, Yellow River dikes presently have heights of up to 30m.
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fig. 19 The raising of the Yellow River bed due to silt deposit [*¥

Vietnam

The two primary causes of dike breaches in Vietham are overtopping and piping
through the foundation, resulting in sand boils near the landside toe. Seepage
through the dyke body (micro-instability) also occurs, resulting in softening in
the landside shoulder of the dyke and the risk of slope failures.!*®!
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3.4 Conclusion on failure mechanisms

In this chapter, four different failure mechanisms where considered. Their
impact on dike stability during high water was discussed both theoretically by
deterministic calculations and practically by explicating the historical causes of
dike failure.

The deterministic calculations of paragraph 3.2 showed that a dike can fail due
to piping, macro-stability or micro-stability even before overtopping becomes a
problem. Especially piping proved to have the potential of causing dike failure
for water levels far below the crest.

This image was confirmed by the overview of dike failure in paragraph 3.3.
While overtopping occurs irrespective of geological properties, piping is a
mechanism that occurs typically for a (relatively) impermeable dike on
permeable subsoil which is a feature that can be found along many rivers in the
world. The next chapter will elaborate on the possible emergency measures
against both overtopping and piping.
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4 Emergency measures

4.1 General
The previous chapter described four

important failure mechanisms that

contribute to dike failure of which two were concluded to be the most
threatening to dike stability. These are the universally known overtopping and
overflowing mechanism and the much less well-known but insidious piping
mechanism. This chapter first discusses several emergency measures that can
be applied to prevent each mechanism, after which the effectiveness of the two

chosen measures will be assessed.

4.2 Emergency measures

4.2.1 Measures against overtopping

Traditionally, emergency measures focus
at overtopping as being the failure
mechanism to prevent. The emergency
measure then consists of temporarily
heightening the dike crest with a
temporary flood defense (TFD) system.
A well-known system that has been in
use for a long time all over de world is a
sandbag dam. When a high water level
is forecasted a TFD can be applied to
heighten the dike crest.

The required height of the measure is
difficult to determine, since it is
supposed to be used for emergencies
that lie beyond the range of the
protection level. It is not known
beforehand how high a water level will
rise beyond the dike crest. An indication
of this can be made by the so-called
decimation-height.  This is  height
difference between the normative water
level and a water level with an
exceedence frequency that is smaller by
a factor ten (e.g. 1/10,000 as opposed
to 1/1,000 per year).
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Meuse and a Rhine river branch

In The Netherlands this is approximately 70cm for the upper river area (see fig.
21, data obtained from RBSO!!#). This would mean that an emergency measure
against overtopping should be able to control a water level up to roughly 1m.
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4.2.2 Measures against piping

While crest heightening as a measure against overtopping is quite obvious,
measures against piping are not, therefore an explication of the possible
measures is made here.

Sand berm

The first measure is actually meant
to prevent heave and is therefore
indirectly solving the problem of
piping. The measure consists of the
application of a sand berm that
provides extra resistance against
heave. The main disadvantages are
that the measure requires a lot of
sand and is time consuming.

Sand boil containment

When piping occurs during a high water
level on the river, this becomes visible by
so-called sand boils behind the dike. When
sand boils are discovered in time, the
pressure can be raised on the location by a
wall of sand bags surrounding the boil. In
this way, the water head difference (which
is the driving force) is decreased and the

sand boil will choke. fig. 23 Containment of a sand

P
-

The above mentioned emergency measure is disputable. The method is in
principle reactive, meaning that a sand boil is dammed only when it is
discovered. It is however not unthinkable that a sand boil is not discovered in
time. Another problem is that, if the whole area behind the dike is weak (which
is often the case as was described in paragraph 3.3), closing of one boil will only
move the piping process a few meters further away. The undermining process
will then continue.

Water berm

A combination of the two previously
described measures is the creation of a
so-called water berm the construction of a
temporary dam around the weak area
behind the dike and filling the area with
water (see fig. 24). The head difference
decreases proportionally with the water
height of the water berm. This means a
move to the left along the curves of fig. 9,

resulting in an increase of the factor of fig.- 24 A large scale emergency measure
safety. to stop piping
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Preventively damming the entire weak area is a much more reliable measure
compared to reactively damming occurring sand boils. The measure can be used
preventively because the weak areas are often known through historic data of
sand boils or through information obtained from geotechnical survey.

4.2.3 Usefulness of emergency measures

Looking at the usefulness of prevention of piping and overtopping, each
mechanism has certain interesting properties. Piping is limited to small locations
with permeable subsoil while overtopping and overflowing can occur everywhere,
which means that the market for measures against overtopping is much larger
and in a way more interesting.

Nonetheless, an emergency measure against piping has two important
properties. The first being that there are yet no commercial emergency
measures against piping, possibly because the mechanism is only acknowledged
to be a threat for the last few decades. And secondly, while overtopping can only
occur for exceptionally high water levels, piping can become problematic for
water levels that are much lower and occur more frequent.

The described measures against overtopping and piping are characterized by the
fact that they require some sort of temporary dam or wall to control the water.
The pictures in the previous paragraphs showed the use of sandbags for this
purpose. There are however numerous alternatives for sandbags, which will be
described in chapter 5.

To comply with the objective of this graduation project (the development of a
method or system to temporarily increase the dike strength), the focus will be
on the prevention of both piping and overtopping. The next paragraph will
elaborate on the described emergency methods and will discuss their
effectiveness.
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4.3 Effectiveness of the emergency measures

In this paragraph a number of probabilistic calculations are made to give some
more insight into the effectiveness of the two proposed emergency measures.
The effect on the safety against flooding of these applications is evaluated by
determining the conditional probability of failure given a high water level. In
other words: the probability of failure through both mechanisms will be assessed
for a range of water levels. The cases are (fig. 25):

« A reference situation where no emergency measures are used;

« Temporary crest heightening;

» The creation of a water berm at the inner side of the dike.

fig. 25 Schematized cases: reference situation (top), crest heightening (left) and water
berm (right)

The calculations are made using a uniform schematized cross-section based on a
Dutch river dike. It features a clay dike with a crest height of 6m, a crest width
of 5m, an inner and outer slope of 1/3 and consequently a base width of 41m.
On the land side of the dike a thin layer of clay (in the order of 1m thick) is
present. The dike has a grass cover and is founded directly on a permeable
subsoil of sand. The dike is situated perpendicular to the prevailing wind
direction. The width of the river at the location is 1km.

The calculation is made by means of a Monte Carlo Analysis of 10,000
simulations. A conditional probability of failure is the failure probability given a
certain situation, in this case a certain water level. The water level is therefore
not a random variable, nor is the dike height. They are both deterministic
variables.
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4.3.1 Overtopping

Though waves on rivers are generally low because of the limited fetch, it
remains possible that a high water level coincides with stormy weather
conditions. The overtopping mechanism was earlier described in paragraph 3.2.2.
For the probabilistic calculations the same equations are used. The equations
and input parameters are incorporated in Appendix II.

The reliability function is: £=0.—0, where q. is the critical overtopping

discharge and q is the actual discharge. The dike fails for Z<0. The critical
discharge depends on the condition of the inner slope. It was discussed earlier
that the critical discharge varies from 0.1 to 10 I/s per running meter (see table
2). The considered dike consists of clay, and it is assumed that the inner slope
has a grass covering of a quality that can resist a critical average discharge of
10 I/s per running meter. In the calculation it is assumed that the dike will fail
(P(o|h)=100% ) for a water level that rises above the crest.

4.3.2 Piping

The piping mechanism was earlier discussed in paragraph 3.2.5 and is again
approached by means of the Sellmeijer model. The technical aspects concerning
this method are further explicated in Appendix III, as are the parameters used
in the calculation.

The reliability function for the piping mechanism is: Z =Ah,-Ah. Here Ah. is the

critical head difference and Ah the actual head difference. When Z<0, the dike
fails. The Ah value is a deterministic value because the calculations will be done
to determine the conditional probability of failure.

Though there is a thin layer of clay present behind the dike, it is assumed that
this layer will crack due to heave. Looking back at the results of the
deterministic calculations of paragraph 3.2.5 this assumption is valid in the
range of water levels for which piping occurs.

4.4 Case calculations

4.4.1 Reference - no emergency measures

The first case contains the results of the dike without emergency measures.
Failure can be caused either by overtopping or by piping. The fault-tree of the
system is displayed in fig. 26.
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fig. 26 Reference situation

Dike failure P(f|h)
[

Overtopping P(o|h) Piping P(p|h)

fig. 27 Fault tree for the reference situation

The total probability of failure depends on the extent of correlation between the
two mechanisms. An upper and lower limit for the probability of failure can be
determined based on the two extremes in the degree of correlation:

Upper limit: P(f |h)=P(o|h)+P(p|h)-P(o|h)[P(p|h) (no correlation);
Lower limit: P(f |h)=max{P(o|h),P(p|h)} (total correlation).

The results (fig. 28) clearly display the impact of piping for permeable subsoil.
Though the sand is relatively coarse (d;,,=300um), the probability of failure is
already over 70% for a water level of 1m below the crest. For this situation,
overtopping is still of little concern. Overtopping only becomes relevant when
the water level rises above approximately 0.5m below the crest.
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fig. 28 Development of the conditional probability of failure for the reference situation

4.4.2 Case 1 - Temporary crest heightening

With a measure against overtopping, the probability of failure through
overtopping decreases. The fault tree is displayed in fig. 30. It shows that the
dike can fail in three ways, the first being overtopping. The probability of
overtopping with a temporary flood defense (TFD) on the dike crest shifts to the
right with the water height the system can control. The piping mechanism is
unaffected and P(p|h) remains the same.

fig. 29 Case 1: temporary crest heightening

There is a third scenario that could occur, namely failure of the TFD system
accompanied by overtopping causing dike failure. The overtopping probability
without TFD (see fault tree) is then the original overtopping probability ( P(o|h))

for the original crest height. These two failure modes can be assumed to be
independent. This means that the probability of failure of the dike through
overtopping after the TFD has failed, is the product of the two:

P(tNo|h)=P(t|h)OP(o|h)
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It is most likely that failure of the TFD system is immediately followed by failure
through overtopping because (constructive) TFD failure only occurs for a water
level well above the dike crest. In other words it can be assumed that:
P(o|h) =1

which means that: P(t(1o|h)=P(t|h).

The probability of TFD failure is discussed in chapter 11 after determining the
preliminary TFD design. Here the focus is only on the effectiveness of the
method, the reliability of the TFD system is discussed later.

Dike failure P(f|h)

(=)

- TFD failure
Overtopping _ .
with TFD P(0rep|h) and overtopping Piping P(p|h)
P(oNt|h)
AND
Overtopping TFD failure
P(olh) P(t|h)

fig. 30 Fault tree for case 1: temporary crest heightening

The effectiveness of a crest heightening of 1.0m is displayed in fig. 31. The
obvious result is that the P(o]|h)-curve shifts to 1.0m above the crest. The total
probability of failure only changes a little since piping still is of great importance.

The water berm that is supposed to prevent piping is discussed in the next
paragraph.
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fig. 31 Development of the conditional probability of failure for case 1 - temporary crest
heightening

4.4.3 Case 2 - Water berm

The application of a temporary water berm is meant to decrease the head
difference that drives the piping mechanism. It shifts the P(p|h) curve to the

right similar to the effect of temporary crest heightening on overtopping. This is
not entirely correct because piping could also occur behind the water berm. This
is displayed in the picture of figure fig. 32 and incorporated in the fault tree.

/ %/% (1) 1o

fig. 32 Schematic cross-section of case 2: water berm

The differences between piping at location (1) and (2) are the piping length and
the head difference. For location (1) the piping length is the same as in the
reference situation while the head difference is the original head difference
minus the water level in the water berm. For location (2) the piping length is
increased with the width of the water berm while the hydraulic head is the same
as in the reference situation.

The fault tree also incorporates the water berm itself as a possible failure mode.
As discussed in the previous paragraph, failure of a TFD on the dike crest implies
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overtopping. Opposed to this, water berm failure does not immediately result in
piping, so: P(bNp|h)=P(b|h)P(p|h), since berm failure and piping can be
assumed to be independent. Water berm failure is not further discussed here.
The reliability of the emergency measure is assessed in chapter 11.

Dike failure P(f|h)

(=)

Piping
P(py)Up)|h)

[\

Overtopping Berm f_ai_lure
P(olh) and piping
P(pNblh)
AND
Piping Berm failure
without berm P(blh)
P(plh)

Piping (1)
P(pwlh)

fig. 33 Fault tree for case 2: water berm

Piping (2)
P(pIh)

The probability of piping behind the water berm (2) depends on the original
head difference and on the width of the water berm that increases the piping
length for this location. The graph of fig. 34 shows that a wider berm will
decrease the probability of piping behind the berm. The thick curve is the
probability of piping in the berm P(p, |h), while the other curves display the

probability of piping behind the berm P(p, [h) for berm widths of 10, 20 and

30m.
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fig. 34 Effect of water berm width on probability of failure through piping

The total probability of piping depends again on the correlation between the two
piping probabilities. The upper and lower limit can be described by:
Upper limit: P(p|h) =P(py [h)+P(py |h) = P(py |h)P(p, |h) (no correlation);

Lower limit: P(p|h)= max{ P(Py 1), P(p |h)} (total correlation).

It would seem that the lower limit approach neglects the influence of the water
berm width since P(p, |h) is bound to drop out. This is not correct because for

a small berm width piping behind the berm becomes larger and P(p,, [h) drops

out. This is displayed in fig. 34 . Another theory in favor of the lower limit
approach is the fact that an occurring sand boil acts as a sort of exhaust valve
reducing the pressure in the aquifer and thus preventing other sand boils to
occur.

In this calculation the true piping probability is likely to be closer to the lower
limit. In practice however, heterogeneities in the aquifer and the impermeable
top layer (as discussed in paragraph 3.2.5) can have a large influence on the
location where the water flows out and the sand boils occur. This will not further
be discussed here but if heterogeneities are present the position of the berm
should be adapted. In this schematized example a width of 20m seems
acceptable. For water levels below the crest P(py |h) is still small relative to

P(py [h) which means upper and lower limit deviate only little.

When these results are compared with the probability of failure through
overtopping, it becomes clear that the upper and lower limit are nhow much
further apart. This is because overtopping and piping are now of the same order
of magnitude, which means the upper limit is approximately twice the lower limit.
As expected, the total failure probability has gone down.
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fig. 35 Development of the conditional probability of failure for case 2 - water berm

4.4.4 Case comparison

Comparison of the cases in one figure gives a clear view of the effectiveness of
each measure. The chart of fig. 35 shows the upper and lower limit for the total
probability of failure for each case. For the sake of completeness: the temporary
crest heightening featured a TFD able to control 1m of water and the water
berm results apply for a berm width of 20m and a water berm height of 1m.

100%
Reference
80% TFD on
crest
60%
=
o
40% |
‘o
20% I
1o
)
i
0
0% : : ‘ % : :
-2 -1 0 1

water level with respect to crest (m)

fig. 36 Comparison of the total probability of failure for the three cases
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The figure shows that a water berm has a significant positive effect on the total
probability of failure of the dike. For a water level of 1m below the crest the
original dike already a encountered a probability of failure of almost 70% while
application of a water berm reduces this to 2%.

The curve that represents the effect of a TFD on the crest is practically the same
as that of the reference situation. Only the lower boundary is a little lower for
water levels above the crest. Obviously a TFD on the crest has no real
contribution since it does not solve the problem of piping.

4.5 Final remark

This chapter described the effectiveness of the water berm as a measure to
prevent piping and temporary crest heightening as a measure against
overtopping. The calculations have two important results:

e« emergency measures that temporarily heighten the dike crest are only
effective when overtopping is the primary failure mechanism and other
mechanisms are of a lesser importance.

« the water berm is an effective measure against piping.

The calculations where made for a specific case incorporating features sensitive
to piping. The result that a measure against overtopping is quite ineffective is
therefore no surprise. There are however numerous other situations where
piping is not a problem and measures against it unnecessary, while overtopping
could be a threat.

Besides the effectiveness, another remark must be made about the reliability of
emergency measures. Though the fault trees for both cases incorporated the
failure mode of the emergency system, no calculation on the reliability was
made. The next chapters will describe different temporary flood defenses and
ultimately the best type of system will be determined. A reliability analysis will
be made for this specific system.
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5 Temporary flood defense systems

5.1 General

The previous chapter discussed two possible methods to increase the strength of
a river dike during high water. These methods focus on overtopping and on
piping. It was mentioned that both methods require some sort of water retaining
device. Systems of this kind are numerous and will henceforth be referred to as
temporary flood defense (TFD) systems.

This chapter gives a brief and general description of several existing temporary
flood defense systems. In this chapter the numerous systems are subdivided in
five categories, namely:

e immobile systems;

« traditional systems;

e concrete systems;

e composite structures;

« water-filled systems

Appendix V contains three flap-out pages that can be consulted for more specific
information on the systems.

5.2 Immobile systems
5.2.1 System wall

Immobile systems are systems that are fixed to one location and can not be
applied elsewhere. An example of an immobile TFD system for structural
problems is a system wall. In a period of high water it can be deployed by
adding beams between the columns (fig. 37, left). It is applied in Germany but
also in UK, USA, Austria and Thailand, over lengths of generally several 100m
up to 9km (Cologne, Germany).

- T % h

fig.37 System wall (left) and failure of sheet pil foundation in New Orleans (right)
It is a system that should be well founded to secure its stability. That a lot of

care should be taken in designing this (sheet pile wall) foundation was
demonstrated in New Orleans during hurricane Katrina where concrete flood
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walls founded on sheet piles collapsed under the water pressure. This foundation
makes the solution very expensive.

5.2.2 Dutchdam

Another example of an immobile system is the Dutchdam. The Dutchdam is
quite similar to the System Wall but the deployment is faster because it can be
unfolded relatively quick to heights up to 2.4m. A big advantage of this system
is that it can be more or less hidden while not in use. This improves the esthetic
properties of the system.

The Dutchdam has already been installed on several locations in Dublin and
there are plans for use in four other European countries. The system will also be
installed at the Waal quay in Nijmegen. The system was tested by WL Delft
Hydraulics on waves and ship collision.

fig. 38 Dutchdam

The Dutchdam has similar stability considerations as the system wall; a strong
foundation (e.g. a sheet pile wall) is indispensable for the system. The producer
promotes the Dutchdam as being suitable for height increases to a certain limit.
This does mean that the foundation must be strong enough to cope with the
consequent load increase.

With respect to costs, more or less the same counts for the Dutchdam as for the
system wall, which means that the system is relatively expensive. It is only
attractive in a situation where there is not much room available and the esthetic
properties of the solution are an important requirement, for instance in a historic
city center along a river.

5.3 Traditional systems

5.3.1 Sandbags

The most well known traditional system is the sandbag dam. Sand bags have
been in use for centuries and in The Netherlands still quite recently in 1995. The
most important characteristic of a sandbag dam is that the deployment requires
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a lot of labor and therefore it has a relatively long deployment time despite the
availability of countless types of filling equipment.

The advantage is that the materials (sand
and bags) are easily obtainable and relatively
inexpensive. Getting volunteers should not be
a big problem either and deployment does
not require specialist knowledge. Still, this
alternative is only suitable for small scale
application, mainly because the speed of
deployment is too slow. Finally, it is not
uncommon that the sand gets contaminated
which will pose a problem when trying to
dispose of it after use.

5.3.2 Big-bags

A modern variation on sandbags is the use of
big-bags. These are bags of with a volume up
to 2m? that can be placed in a row as a wall
of about 1m high. The bags are quite flexible
and can be placed on rough terrain. A
modification of the big-bag system is to
attach five big-bags to one another with
wooden frames. The system can be unfolded -—
and filled on location. fig. 40 Big-bags

Similar to traditional sandbags the costs of the used materials are relatively low.
The advantage of big-bags compared to sandbags is the faster deployment, and
the small team of personnel. It does however require some heavy equipment for
deployment.

5.4 Concrete barrier

An example of a concrete barrier is the
Waterfront-Block which looks like looks like
the so-called "lego" blocks. It relies on the
weight of the concrete for stability. The
Waterfront-Block has rubber seals to prevent
leakage. The structure is characterized by its
inflexibility to connect to the surface it is
placed on. It also requires a (paved) surface
with a high bearing capacity. The blocks can
be stacked to obtain greater heights but

deployment does require some heavy
equipment. fig. 41 Waterfront-Block
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5.5 Composite structures

5.5.1 Portadam and pallet barrier

There are several different composite structures on the market; an example is
the Portadam that is generally used to create cofferdams. It consists of metal
frames clad with impermeable fabric. The metal frames have to be placed on a
paved surface or on a concrete foundation. Seepage can be decreased by
increasing the sealing sheet length as shown in fig. 42. The extent to which this
sheet is really capable of sealing to the subsoil merely by water pressure will be
discussed in paragraph 10.3.

STEEL
SUPPORT
FRAME

UNOBSTRUCTED
WORK AREA ﬁ

I.DADING

,-n'-'f %E‘J

fig. 42 Cross- sect/on of the Portadlgm system

A system similar to the Portadam is a barrier constructed of pallets with a
synthetic sheet for impermeability. The pallets used are standard type that can
be obtained anywhere. Financially, this is a major advantage compared to the
Portadam. The pallet barrier is anchored through friction by a flange collar on
bottom section for silt, sand, gravel, moraine and asphalt. It requires additional
anchor pins for grass, clay and muddy subsoil.

fig. 43 Pallet barrier

The picture of fig. 43 shows sandbags on top of the structure, possibly to
provide it with some extra weight in order to keep it stable. The Pallet Barrier
uses an iron chain or a small sand-filled tube for the initial weight on the sealing
sheet. A sealing sheet needs some means of initial loading to prevent it from
floating when the water rises. Another option is to temporarily anchor the sheet
to the pavement.
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5.5.2 Rapidam and Ducoda

Two systems that function in the opposite direction are the Dutch Convertible
Dam (Ducoda) and the Rapidam. These systems withstand the water with the
hollow side and exists for the larger part of sealing sheets.

For both systems different elements can be zipped together to increase the
length (see right picture of fig. 44). The seams between the sealing sheets are
supposed to be pressed shut through the water pressure. Ducoda needs a
shallow trench to be dug first (by tractor and a special type of equipment),
where a piece of sealing sheet is installed. The other systems require some
means of initial loading to prevent the sheet from floating when the water rises.
Another option is to temporarily anchor the sheet to the pavement.

~l

= |

fig. 44 Dutch Convertible Dam (left), Rap/da an-d thre watertight zip of the Rapidam
(right)

5.6 Water filled systems

5.6.1 General

The water-filled systems (both tubes and blocks) have many forms but one basic
principle. They are weight structures like big bags or concrete blocks that rely on
their weight for stability. Systems of this type resist the horizontal water
pressure by their weight and the consequent friction force with the foundation.
For the tubes the problem of rolling away is solved by subtle adaptations of the
design.

Tubes are flexible and can be applied on almost any terrain. Their height can be
adapted flexibly by adding water. Apart from removing sharp objects, there are
almost no preparations needed. Leakage of water through the construction itself
is impossible.

5.6.2 Aqua Levee

The Aqua Levee is a system consisting of foldable triangular synthetic elements
with a synthetic fabric bag that can be filled with water. The system is really a
combination between a water-filled tube and blocks. It can be stacked like some
block-type TFD. It can on the other hand also be deflated and will then use up
very little space during storage. Unlike tube it has a hard shell on the outside
that protects the tube from any punctures. This does however compromise the
sealing to the subsoil that a tube has.
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The units have sides are about 0.7m high. It can be heightened to be able to
withstand up to 1m, but this will use up four times as much elements. The levee
can be anchored to the subsurface. The advantage of this system is that it can
be filled with water, which is available at the location. A disadvantage is that all
elements have to be filled separately, which will cost a lot of time since they are
quite small.

5.6.3 Aqua-Barrier and Aqua Dam

Two very similar water-filled tube systems are the Aqua-barrier and Aqua Dam.
Both have already been extensively used as cofferdam and occasionally as
emergency flood defense protecting private property. Both systems are available
in different varieties to control over 3m of water and are available in lengths up
to 60m.

fig. 46  Aqua-Barrier in action (left) and cross-section with internal baffle system (right)

The Aqua-Barrier remains stable against rolling through its internal baffle
system (fig. 46). The Aqua Dam consists of two basic parts: an outer tube
holding the two inner tubes (fig. 47). When filled with water these inner tubes
are in contact and provide the friction that keeps the system from rolling.

To achieve any necessary length each system uses a different technique. For the
Aqua-Barrier, the different segments are connected simply by overlapping of the
ends of the tubes. The Aqua Dam uses a coupling sleeve that is pulled over the
ends of two adjacent tubes.
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fig. 47 Aqua Dam in action (left) and cross-section with two inner tubes inside outer
tube

5.6.4 Twin Flex Barrier

The Twin Flex Barrier ("Mobiele Waterdam” in Dutch) is a water-filled system
very much like the Aqua Dam and Aqua Barrier but consists of two parallel tubes
that are connected at one point. The Twin Flex Barrier has a coupling system
that discerns it from the Aqua Barrier and Aqua Dam.

The system is available in lengths up to 250m and was invented particularly to
be used as a temporary flood defense. In the design and method of application
this has been taken into account to ensure a fast deployment. This will be
further described in chapter 7. The barrier has been tested and demonstrated
extensively in the field but has not yet had the opportunity to prove itself in an
actual emergency situation.

fig. 48 Twin Flex Barrier and the oup/ing system
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5.7 Aspects of comparison

As shown in this chapter, many types of temporary flood defense systems and
all have different properties. This chapter described the general properties of
number of systems. The next chapters will compare these systems on the
following aspects:

1) Costs of purchase;

2) Deployment;

3) Stability;

4) Applicability;

Ad. 1) Costs of purchase

This first point needs only a brief explanation: the choice between different
products always incorporates a financial consideration. A system is attractive
when it offers the required safety for a relatively low price.

Ad. 2) Deployment

The nature of an emergency situation implies that the time available is limited.
The deployment rate should therefore be fast, even during unfavorable
conditions. Besides this, the system also needs to be transported to the location.
Here the weight of the system is an important property.

Ad. 3 and 4) Stability and applicability

The stability of a TFD system determines the controlled water level. This
depends also on the location the system is deployed (paved or unpaved, smooth
or uneven, rough or slippery surface). The extent to which a certain system
demands specific subsoil properties, determines its applicability. When a system
is intended to be used for emergencies, the situation and location are partially
uncertain. A system for this purpose should be flexible and have few specific
demands.

A comparison on the purchase costs and deployment properties will be made in
the chapters 6 and 7. In chapter 8 the stability and applicability of the TFD
systems is discussed. The final conclusion will be drawn in chapter 9. The
systems that are compared in these chapters are:

Traditional: + Sandbags;

e Big bags;
Concrete: « Waterfront-Block;
Composite: « Pallet Barrier;

+ Rapidam;

Water-filled: e« Aqua Levee;

« Twin Flex Barrier;

« AquaDam;

* Aqua Barrier.
The immobile systems are not further assessed because of their inflexibility to
be applied at different locations. Only their costs are incorporated in the next
chapter for the sake of comparison.
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6 Costs

6.1 General

The costs are amongst the most important considerations in choosing between
different products. The costs of a system can be distinguished in the constant
and variable costs. The constant costs are mainly determined by the purchase
costs. The variable costs are, among others, the costs of deployment and the
costs of storage. This chapter deals with a comparison on the purchase costs
followed by a comparison of the variable or “additional” costs.

6.2 Purchase

A complete cost comparison is difficult to make because available prices often
lack specification. Still, a comparison of purchase costs was made and is
displayed in fig. 49.

There is a clear difference between the immobile systems (System wall and
Dutchdam) and the mobile systems. The costs of both immobile systems do not
include the costs of a proper foundation, which means that in reality the
difference would be even larger. The water-filled tube type systems are among
the least costly systems. The systems can control different water heights
(determined in chapter 8) so the final comparison has yet to be made. This will

ne in ch ro.
be done in chapter 3 Costs per m length

€0 €100 €200 €300 €400

Immobile
Dutch Dam (23] M €875
Traditional

Sandbags [35] €20
Big bags  [36] = €35
Concrete
Waterfront Block | T €125
Composite
Pallet Barrier 133l = € 205
Rapidam 33 €420
Water filled
Aqua Levee [34 €330
Aqua Barrier 133 €240

Aqua Dam B0 € 150
TwinFlex 182 331 €200

* MHOLF int. b.v.

fig. 49 Cost comparison for several systems (price level January 2007 ex. VAT or
transport costs)
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It is clear that the immobile systems are by far the most and the traditional
systems are the least expensive. The water filled systems are in the same price
range, with a price between approximately €100,- and €300,- per meter length.
The pallet barrier that (according to the supplier) should have the advantage of
being cost-efficient since it uses low-cost materials (like pallets), in fact does not
seem to have a significant cost advantage over the water filled-tube systems.
This is probably due to the fact that it requires a lot of additional supporting
requisites ranging from steel support frames to plastic membranes and
connection pieces.

The traditional systems are by far the least expensive. The difference between
the Sandbags and Big bags can be explained by the fact that the considered
sand bag dam has a height of only 0.4m. To construct a sandbag dam with the
same height of a Big Bag dam, about twice the amount of sand is needed. This
is the reason that for water levels larger than 0.4m, it is financially more
attractive to use Big Bags instead of sandbags.

6.3 Additional Costs

Besides the costs of purchase, there are other costs that will have to be made
that vary for each system. These are the costs of construction and
deconstruction and the costs of storage of the system.

R.F.R van Dillen " made a cost estimate of different systems where he
determined the costs, depending on the frequency of use. Among the systems
compared were sandbags, big-bags and a water-filled tube type of TFD. The
figure is shown below. The vertical axis has no scale because costs have merely
a qualitative meaning. Especially when applied more frequently, a water-filled
tube becomes relatively cheap, while a sandbag dam tends to be the most costly
on the long term.

——sandbags

—hig bags

= Water-filled tube

Costs

times used
fig. 50 Relation between costs and frequency of use
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It is however unclear whether the frequent use of a TFD that is intended for
emergency situations with a low probability of occurrence, is realistic. It is very
well possible that a TFD is used only once or not at all during its technical life-
time. This means that the fixed costs (e.g. costs of acquisition) are of a greater
significance than variable costs (costs made in case of emergency).

Finally, the lifetime of a system is also of importance when the long term costs
are considered. There is little known about the lifetime of the different systems.
Some producers have a certain warranty period for their products. For the Twin
Flex Barrier this period is five years.
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7 Deployment

7.1 General

The nature of an emergency situation demands for a system with properties that
secure a quick deployment. The two most important indicators are deployment
rate (i.e. the deployed length per hour) and system weight. The latter has a
significant impact on the transport of the system from the storage to the
location of deployment.

7.2 Deployment rate

The deployment rate of the different systems is displayed in table 6. Because
the deployment rate for some part depends on the team size, this is also
incorporated in the table.

The data was obtained from different sources. Information provided by suppliers
is compared with data from more objective sources. Little is known about the
actual circumstances in which test-deployment of the systems took place and
how sensitive this placement is to extreme conditions.

System team Deployment rate
size (m/hour)

Traditional

Sandbags 4l 30 17

Big-bags 4l 4 25

Concrete

Waterfront-Block [**!  4to5 21

Composite

Pallet Barrier (14 4 50

Pallet Barrier 41 5 113

Pallet Barrier 331 18 100

Rapidam (31 2 33

Water-filled

Aqua Levee (28 3 120

Aqua Dam ) 33

Aqua Barrier (331 4 50

Twin Flex Barrier M) [3214t0 5 600 (to 1200)

Twin Flex Barrier B3 4 1000*

* Based on a test

table 6 Deployment speed for different systems

The table shows that the sandbag dam has by far the smallest deployment rate
and requires the largest team for deployment. Also striking is the big difference
between the three different sources of information for the Pallet Barrier. It is
assumed that the supplier data is too optimistic; this information is therefore
dismissed from the comparison.
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The image sketched shows a clear advantage of the Twin Flex Barrier. The three
different sources show comparable results. Though the Aqua Barrier and Aqua
Dam are in many ways similar to the Twin Flex Barrier, their deployment rate is
more than a factor 10 smaller. This strange difference does raise questions
about the validity of the data of the Twin Flex Barrier. Three arguments for the
validity of the higher deployment rate are:

e The Twin Flex Barrier is supplied in lengths up to 250m while the Aqua
Barrier and Aqua Dam systems are only supplied in lengths up to 60m.
Adding shorter segments together is time-consuming.

« The Twin Flex Barrier uses a specialized coupling
system connecting two tube segments together,
while the other two systems use overlapping
(Aqua Barrier) or a more labor-intensive coupling
sleeve (Aqua Dam).

e The Twin Flex Barrier effectively uses equipment
like a tractor with a spool on a wagon for
deployment, while the deployment of other two s S?
systems is done mostly by hand. fig. 51 Coupling system

‘('.4

These differences can be explained by the fact that the Twin Flex Barrier is
designed specifically for the application as emergency flood defense, while the
other two systems are primarily used to create cofferdams for which a short
deployment time is of a lesser importance.

o 5 4
fig. 52 Deployment of the Twin Flex Barrier compared to the Aqua Dam

An important part of the deployment is the filling of the tubes. A twin tube
system (with 125cm tubes) has a cross-sectional water volume of approximately
1.2m*/m! per tube. Each tube can be filled separately. Assuming the
deployment rate of 600m/hour, each pump will need to have a capacity of 12m?3
per minute, assuming that pumping can commence simultaneously with the
unrolling of the tube. This is a capacity that is high but not unrealistic. This
figure will be used in the final comparison of chapter 9.
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fig. 53 Deployment speed for different systems

7.3 System weight

Besides a high deployment rate a system will also require transport to the
location. In important indicator for a fast transport is the weight of the system.
There is a vast different in weight between the different systems. The chart of
fig. 54 shows the weight per running meter on a logarithmic scale. It can be
seen that there are roughly three weight classes based on the order of
magnitude. The water filled systems all weigh about 10kg per running meter
while for the big bags and water front block this is larger by two orders of
magnitude. This will be taken into account when the final judgment on
deployment is made in chapter 9.

system weight (kg/m)
1 10 100 1000

Sandbags
Big-bags

Waterfront block

Pallet Barrier
Rapidam

Aqua Levee
Twin Flex Barrier

AquaDam
Aqua Barrier

fig. 54 weight for different temporary flood defense systems
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8 Stability

8.1 Failure mechanisms

This chapter looks at the stability of the systems as described in chapter 5. The
problem of TFD stability is threefold (see fig. 55). The first problem is shear
displacement which means the construction is horizontally displaced due to a
horizontal force. The second stability problem is tipping over. The third is piping
underneath the system caused by a flow water through the soil directly
underneath the TFD. The more technical aspects of the calculations are further
explicated in Appendix VI.

1~ 1 1
I I D I
L 1
PSSP SIS AT SIS s PSSP

fig. 55 Three failure mechanisms: shear displacement, rotation and piping

Most structures rely on their own weight for stability but not the composite
structures. For these systems, the presence of a sealing sheet or additional
anchoring is of great importance for the stability since the weight of these
structures is very low. The stability of the composite structures will therefore be
separately determined.

8.2 Weight structures: shear and rotation

8.2.1 General

For both the rotation and the shear calculations it is important to distinguish the
different forces acting on the mechanism. These forces are (see fig. 56):

+ the weight of the system, W ;

+ the horizontal hydrostatic force, F,;

+ and the vertical hydrostatic force, F,, .

I:W'V
fig. 56 Pressure and acting forces on a temporary flood defense system
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For the vertical hydrostatic force a linear water pressure distribution is assumed
as shown in fig. 56. The validity of this assumption can be challenged since the
horizontal hydrostatic force influences the stress distribution in the subsoil which
results in a smaller contact width between system and subsoil. This effective
contact width is displayed in fig. 57 (left), as well as the effect on the upward
water pressure. It is obvious that in this case the upward water force is larger
than for the assumed linearly distributed upward water pressure. This would
seem to have a significant negative effect on the system stability. From
calculations (Appendix VI) it can however be concluded that this effect is
practically negligible.

W
I:w;h —L I:w;h

22272727 |(|przzzzz. Z 70007

R

fig. 57 Effective contact width (left) and resulting upward water pressure diagram
(right)

I:w;v

8.2.2 Shear

The factor of safety against shear is the ratio between the (resisting) friction
force along the bottom of the system and the (driving) horizontal hydrostatic
force:

T

F

w;h

Fw;h
T

S

fig. 58 Shear: driving and resisting force

When the safety factor drops below FS=1, the structure becomes unstable. The
friction force depends on the resultant of the system weight (W) and upward
water force (Fy,,) and the shear coefficient. This shear coefficient depends on
the material of the system and the foundation. For the calculations a shear
coefficient of 0.25 is assumed for all systems.
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The development of the factor of safety for shear of each system is displayed in
fig. 59. The water-filled tube systems are among the more stable structures
being able to withstand more than 80cm of water. This is a consequence of the
weight of the filled tubes. The sandbag dam is not displayed in the figure but will
remain stable even when water is at its crest at 0.4m. The Aqua Levee is the
weakest structure since it can only withstand 33cm of water (less than 50% of
its height).

- | —o— Bigbag
! =>

—m— Waterfront block

1
1
L.

|
SIS SIS S S S —A—Aqua Levee

—0— Twin Flex Barrier
—e— AquaDam

l1de = = = = = = = ¥ = —0— Aqua Barrier

0 T T T
0.5 0.6 0.7 0.8 0.9 1

Water level (m)

fig. 59 Safety against shear for different TFD systems

8.2.3 Rotation

In the calculation of the safety against rotation the rotation point is very
important. Rigid structures (Waterfront-Block, big bag and Aqua Levee) can be
assumed to rotate around a point at a distance of /5 of their width.!®! Because
the water filled tube systems are flexible the rotation point is a little harder to
determine. It will probably lie somewhere between ?/5 and 1 time its width. For a
first impression of the rotational stability, 2/5 (which is the most unfavorable
situation) will be assumed. The rotational stability of a sandbag dam is not
assessed since it consists of elements and tilting over is therefore not applicable.

The factor of safety against rotation is calculated by the ratio between the
moment resisting and the moment driving rotational instability:

_driving moment
resisting moment

FS
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W / point
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fig. 60 The rotation point in a of a temporary flood defense system

The stability of all systems with respect to rotation is somewhat better than their
shear stability, which means that the structures will fail through shear and not
rotation. The validity of the assumption of the rotation point for the water-filled
tube systems is therefore not further examined.

—o— Bigbags

—m— Waterfront block
—A— Aqua Levee
—0— Twin Flex Barrier

—e— Aqua Dam
—0— Aqua Barrier

0 T T T T T 1
0.4 0.5 0.6 0.7 0.8 0.9 1

Water level (m)
fig. 61 Safety against rotation for different TFD systems

In the previous calculation one aspect has been disregarded. This is the
possibility of failure of the subsoil as a result of the stress caused by the system
weight and the tilting of the system. To get an indication of the importance of
this failure mode, the stability of the Waterfront-Block is considered. This
system has the largest weight per running meter which is focused on a relatively
small surface.

Failure of the subsoil can be discussed by means of the Brinch Hanssen method
(see Appendix VI) which is generally used for horizontally and vertically loaded
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foundations. The calculations are made for sand, clayey sand, stiff clay, organic
clay and peat. The results (fig. 62) show that even for a soil as soft as peat, the
safety remains above 1.5. It can therefore be concluded that failure of the
subsoil is of no concern for the discussed weight structures.

8 _
stiff clay
5 sand or clayey sand
------- organic clay or peat

o 4
LL

e

0 T T T 1

0.4 0.5 0.6 0.7 0.8

Water level (m)
fig. 62 Safety against failure of the subsoil for the Waterfront-Block

8.3 Composite structures: shear and rotation

8.3.1 General

As described before, the composite systems differ from the other systems
because they do not rely on their own weight for stability. Therefore, the
calculation method in this paragraph also differs from the one used in the
previous paragraph.

8.3.2 Pallet barrier

The pallet barrier system consists of pallets of 0.8 wide by 1.20m length
supported by metal frames with a surface less than 0.25m?. These frames
concentrate the force of the water on a small surface, leading to a relatively high
stress in the subsoil.

Depending on the soil type, the subsoil can give way under the pressure as
described in the previous paragraph. Though for the Waterfront-Block subsoil
stability was determined to be sufficient, the small surface of the support frames
is a concern. Therefore the subsoil stability will also be analyzed for the Pallet
barrier.

The stability is again assessed with the method of Brinch Hansen (Appendix VI).
The importance of the soil type for rotational stability of the barrier is displayed
in fig. 63. For stiff soils like clean clay there seems to be no problem, but for
softer clay, peat and also for sand the structure is highly instable.
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fig. 63 Pallet barrier: safety against rotation for different soil types

Compared to the Brinch-Hansen calculation made for the Waterfront-Block the
results for the Pallet Barrier are much more pessimistic. This can be explained
by the fact that the weight of the Waterfront-Block is distributed on a relatively
large surface. This causes only a relatively small subsoil stress while the metal
supports of the pallet barrier focus the force on a small surface leading to a
relatively high subsoil stress.

For the shear stability calculation of the Pallet Barrier, the presence of the
sealing sheet is of great importance. The calculation results in fig. 64 are based
on different sheet lengths.

Sheet length:
2 4 1.5m 1.0m

0.3 0.4 0.5 0.6 0.7 0.8 0.9

Water level (m)

fig. 64 Pallet barrier: safety against shear for different sealing sheet lengths
Besides the point where each line crosses the FS=1 boundary, another

interesting characteristic is visible. The slope of the graph is very flat. This
means that the reliability of the structure is low. For instance, a pallet barrier
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with 1.0m of sealing sheet is supposed to fail at approximately a controlled
water level of 0.6m. However, the safety factor for a water level of 0.5m is only
slightly higher. In other words: a small negative deviation in the strength of the
system (i.e. the sheet length) could lead to failure for much lower water levels.

It can be concluded that the stability of the Pallet Barrier is very poor on
unstable subsoil and uncertain on a more stable (paved) surface. A solution
could be to use obstacles at the location (e.g. the curb of a sidewalk) to prevent
displacement. This however limits the applicability of the system to urban
environments.

8.3.3 Rapidam

The Rapidam system (like Ducoda) consists almost entirely of a sealing sheet. It
entirely relies on the shear strength resulting from the weight of the water. The
system is sometimes anchored to the asphalt of an underlying road, a first
indication that the shear strength is not always sufficient.

The calculation of the shear safety is different from that of the pallet barrier. The
failure mechanism is actually a combination of shear and rotation. The horizontal
and vertical force on the upright part of the barrier is transported to the bottom
sheet. The force will locally pull up part of the bottom sheet and decrease the
length along which a shear force can develop. The mechanism is displayed in fig.
65.

/

The described mechanism is
hypothetical so the result should be
considered as a rough indication of the
stability of the system. The calculation
depends partially on material properties
like elasticity. A rough indicative
calculation has been made in which
material properties have however been
neglected. The results are displayed in

fig. 66, showing that the system can 0 ‘ ‘ :
withstand even less than 0.5m of water. 03 04 05 06 07 08 09

Water level (m)
fig. 66 Rapidam: safety against shear
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8.4 Piping
8.4.1 General

The third failure mechanism for temporary flood defense systems is piping.
Seepage of water underneath a structure could lead to erosion similar to piping
underneath a dike. Especially TFD systems with a relatively small width are
vulnerable to piping because they have a small piping length.

The type of subsoil is of great importance. A TFD can be placed on a great range
of surfaces ranging from clay to sand to a paved asphalt road. Clay has a very
low permeability and piping will not be a problem if the TFD is placed on clay.
While clay is very erosion resistant, sand is not. Fine grained soil types (e.g. fine
sand) are more sensitive to erosion than coarse grained soil types like gravel.

8.4.2 Bligh and Sellmeijer

The mechanism can be assessed by both the model of Sellmeijer and the
method of Bligh. Both determine the required piping length, depending on the
subsoil. The difference between the two methods is that Bligh is based on the
historical field data while Sellmeijer is based on numerical calculations and
experimental data.

Another difference is that Sellmeijer incorporates many specific parameters (e.g.
grain diameter, permeability, aquifer thickness, etc.), while Bligh uses a single
coefficient, the creep coefficient (Ceeep) Which depends on the grain diameter.

Since the Sellmeijer equation was already discussed (see Appendix III), it will
not be further explained here. Bligh was not discussed earlier so a brief
explanation is appropriate. Bligh’s criterion determines the required piping
length (L.) for a certain water level (AH.):

AH SAHC:CL or LCZAHcm:cr

creep

eep

The influence of the subsoil is incorporated in the creep coefficient, which
depends on the soil type (see table 7). Here, the creep coefficient actually
represents the minimally required width of a TFD per m of controlled water
height. For example: a system placed on very fine sand (Cgeep=18), retaining
0.5m of water must have a minimal width of 0.5x18=9m.

Soil type Median diameter, dso (um) Ccreep
very fine sand 105 - 150 18
moderately fine sand 150 - 210 15

very coarse sand 300 - 2000 12

fine gravel 2000 - 5600 9

table 7 Creep coefficient for different soil types
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The results of the Bligh and Sellmeijer model differ in the sense that Sellmeijer
is generally more optimistic than Bligh. There is also another difference which
becomes visible when the ratio between L. and Ah (the ratio between system
width and controlled water level) is observed. For Bligh this ratio is actually the
aforementioned creep coefficient. While for Bligh the width/height ratio is
independent of the water level (it only depends on the soil type), for Sellmeijer
it is not.

The development of the width/height ratio (L./Ah) with respect to the water level
difference (Ah) is shown in fig. 67. The displayed range for both models is that
between the results for very coarse (lower line) and very fine sand (upper line).
For Bligh the width/height ratio varies between 12 and 18. As said earlier, the
primary difference between the models is that Sellmeijer is more optimistic than
Bligh.

20 20
15 - Bligh 15 | Bligh
< o
< 10 Sellmeijer 10 -
—
. 5 /_w/
O T T 0 T T T T
0 5 10 15 0.0 0.2 0.4 0.6 0.8
Ah (m) Ah (m)

fig. 67 Development of L/Ah with respect to 4h for Bligh and Sellmeijer

What is more important is that while the width/height ratio is constant for the
Bligh method, for Sellmeijer it is positively dependent on the water level. For
very fine sand and a water level of about 15m, the difference is still reasonably
small with a ratio of 13.5 for Sellmeijer and 18 for Bligh.

However, when focusing on the area of interest (water levels up to 1m,
displayed in fig. 67 right), the difference is impressive. While for Bligh the
required ratio remains 18, for Sellmeijer it is much lower with a maximum of
approximately 7.5. This will be further discussed in chapter 10, when the
preliminary design will be made.

8.4.3 Performance of the TFD systems

The results of the discussion of the methods of Bligh and Sellmeijer show that it
is difficult to make an unambiguous judgment on the performance of the
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systems with respect to piping. A comparison of the system geometry with the
criteria set by both models can help to give an indication of this performance.

The four diagonal lines in fig. 68 display the minimally necessary system width
(L) with respect controlled water height (Ah), or the other way around: the
maximally controlled water height for a system of a certain width. This has been
displayed for both Bligh and Selmeijer and for very coarse as well as very fine
sand.

1.0
@ Aqua Barrier o —
. 5
Waterfront-Block Twin Flex ? Aquapam c0o¥s®
0.8 - [ ) ®
@ Big-bags _t
o |
] T e fine S
06+ ®Pallet Barrier /
= B
3 Sagdbags — | Rapidam @
0.4 - ?>% arse sand
Aqua Levee @ |1 |
L ] / 1
0.2 el 1] Bligh | fine send
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/ / —1
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2
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fig. 68 Performance of several TFD systems with respect to piping

The TFD systems are incorporated in the figure by thick vertical lines that
display both the system width and controlled water level. The performance of
each TFD system can be determined by its position with respect to these lines.
To fulfill the requirements of the piping criteria (of Bligh or Sellmeijer), the line
representing a system should be below the diagonal lines. As an example the
performance of the Twin Flex Barrier is explained below.

Example

A Twin Flex Barrier has a width of 2.5m and can control approximately 0.8m of
water. Even when placed on very coarse sand, the width of the barrier is
insufficient. When Sellmeijer is considered, the thick line representing the
system should be displaced horizontally or vertically until it is below the
Sellmeijer line for coarse sand. When the line is shifted to the right (keeping the
controlled water level Ah constant), it appears that the system width should be
at least 3.7m. When the line is shifted downward (keeping the system width L.
constant), the maximally controlled water height appears to be 0.6m. For fine
sand the shift should be even larger. When the Bligh criterion is considered
even more so.
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Though the difference between Bligh and Sellmeijer is quite large, they both are
pessimistic about the problem of piping for the discussed systems. From the
figure it can be concluded that all systems fail to satisfy Bligh’s criterion. The
performance with respect to Sellmeijer is better but still insufficient.

For the water-filled tubes and the sandbag dam the ratio between width and
controlled water height is about 3. For a big bag or concrete barrier this ratio is
approximately 1. The Rapidam has the best result due to its relatively large ratio
(almost 9). This ratio is the consequence of the 4m of sealing sheet,
incorporated in the design. Since the effect and reliability of a sealing sheet is
uncertain, more about this is discussed in the next paragraph.

It must finally be added that the calculations are based on the assumption the
system is placed on permeable sandy subsoil which is actually the most
unfavorable conditions. But even when the system is placed on sand, there will
often be a top layer of humus present. This layer reduces the permeability of the
soil and thus the piping problem. The extent to which this influences the results
is not further discussed here.
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9 TFD Comparison on Aspects

9.1 General

In this chapter a final comparison is made on the performance of the different
TFD systems. The immobile systems have been omitted from this comparison
since they are too different in nature and lack the flexibility that is required for
the intended purpose. The specific system properties are incorporated in
Appendix V.

The systems are compared on the four aspects:

« stability;

e costs of purchase;

e deployment;

« applicability.

Of these aspects stability and applicability are strongly related as are stability
and costs. The score on stability is therefore incorporated in the scores for both
costs and applicability meaning that it will be valued indirectly (see paragraph
9.2, 9.3 and 9.5). The ways in which scores are allocated to the different
properties are incorporated in Appendix VI.

9.2 Stability

The controlled water level results from the calculations of chapter 8. The
controlled water level differs for each system, but this does not mean that the
system that can withstand the highest water level is per definition the best. The
performance of the systems with respect to stability is therefore linked to the
costs of purchase (see paragraph 9.3).

Systems Controlled
water level Seepage
AH,, B/4H,,

(m) 0]

Sandbags 0.40 3.0
Big-bags 0.75 1.3

Concrete
Waterfront block 0.80 1.0
5

Pallet Barrier 0.60 2.
Rapidam 0.46 8.7

Aqua Levee 0.33 3.0
Twin Flex Barrier 0.80 3.1
AquaDam 0.90 3.2
Aqua Barrier 0.95 3.2

table 8 Score on stability for different TFD systems
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The maximum water level for which each system loses its stability is displayed in
table 8. The ratio between controlled water level and system width (B) is also
incorporated in the table and will be valued under applicability (paragraph 9.5).

9.3 Costs of purchase

For the sake of comparison the costs of purchase are linked to the controlled
water level. This is done by dividing the costs of each system by this water level.
In this way, an expensive system that can control a relatively high water level
can be compared with a less expensive system that can withstand only a low
water level.

The equivalent costs for the Aqua Levee and Rapidam are now much higher,
while those of the traditional systems remain low.

Systems Purchase Equivalent costs
costs purch. costs/4H,,
(per m length)  (per m length)

Traditional

Sandbags €20 €50
Big-bags €35 € 47
Waterfront block €125 € 156
Composite

Pallet Barrier € 205 €342
Rapidam € 420 €913
Water-filled

Aqua Levee € 330 €1 000
Twin Flex Barrier €200 € 250
AgquaDam € 150 € 167
Aqua Barrier € 240 € 253

table 9 Purchase costs and equivalent costs for different TFD systems

9.4 Deployment

9.4.1 General

Judging the deployment properties of a system depends on more than just the
speed of deployment. The aspects and scores that are considered to be of
importance for a complete comparison are incorporated in table 10. To be able
to make a comparison, the performances of the systems are valued according to
different categories.
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Deployment Team characteristics Logistic feasibility Relative

Systems rate Profes- Use of transported score
DR, Team size sionality  Special weight
(m/hour) of team Equipment W./4H,, (kg/m)
F— 50% —I| 20% | 1 30% I

Traditional

Sandbags 17 30 N N 1250 13%
Big-bags 25 4 N Y 1733 13%
Concrete

Waterfront block 21 4 N Y 1875 13%
Composite

Pallet Barrier 50 4
Rapidam 33 2
Water-filled

108 26%
56%

Aqua Levee 120 3 Y Y 38 59%
Twin Flex Barrier 600 4 Y Y 9 87%
AquaDam 33 2 Y Y 7 49%
Aqua Barrier 50 4 Y Y 8 49%

table 10 Score on deployment for different TFD systems

The relative score is the ratio between obtained points and the maximum
obtainable points. The points per aspect have been distributed in such a way
that the total score is determined for 50% by the deployment rate, for 30% by
the logistic feasibility (system weight) and for 20% by the team characteristics.

9.4.2 Deployment rate

The deployment rate is a very important aspect if emergency situations are to
be dealt with effectively. The scores on deployment speed are allocated
accordingly by highly valuing systems with high deployment rates. Though
optimal team sizes differ per system, the differences are not that large that this
requires some sort of compensation (e.g. an individual deployment rate). Only
the team size for the sandbag dam differs significantly, but the deployment rate
for this system is already small so additional compensation is deemed
unnecessary. Furthermore, the team size is valued in the next paragraph.

9.4.3 Team characteristics

The team characteristics are represented by three aspects. The first being the
average team size required for deployment. Getting enough personnel for
deployment could become a problem when the system requires a team with a
size of several tens of laborers (sandbag dam).

On the other hand, if this workforce requires no specific professional knowledge
about the system, obtaining the necessary manpower is less of a problem.
Examples are again the sandbag dam but also the big bag and Waterfront-Block
systems, since any local contractor can be mobilized to do the job.

Finally, for some systems the use of special equipment is essential. This varies
from the use of lift-trucks for the placement of big bags or concrete blocks to
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use of pumps for the water-filled systems. Here, systems that can be placed
without the use of additional equipment have a higher score.

9.4.4 Logistic feasibility

This last aspect to characterize deployment is based on the weight that needs to
be transported to be able to control the specific water level. The weight of each
system per m length is therefore divided by the controlled water level as was
done before to determine the equivalent costs.

Here, the important advantage of the water-filled structures with respect to the
other weight structures becomes visible. The weight of sandbags, big bags or
concrete blocks will put a lot of strain on the logistic process, since they need to
be transported from the storage facility to the site of application. The water filled
systems have the advantage that they are in fact already partially at location
since the water that is needed to give them their weight is abundantly available
at site.

9.5 Applicability

This aspect was not earlier described in a specific chapter but the applicability of
the systems is roughly defined by the ability or inability to apply a system at any
random location and is therefore closely linked to the stability issues described
in chapter 8.

The aspects that are considered here are dependent on the subsoil requirements.
These can be discerned in the extent to which a system:

e is sensitive to elevations in the surface it is placed on;

e needs a subsoil with a high bearing capacity;

* is susceptible to piping.

For example, the Waterfront-Block is a system that requires a smooth surface
for seamless placement. Elevations will cause leakage through and under the
system. Though it was discussed earlier that the stability of the Waterfront-
Block on softer soils is good (chapter 8), settlement of the system is inevitable.
While settlement itself does not have to be a problem when stability is
concerned, uneven settlement will cause elements to shift with respect to each
other resulting in leakage.

Therefore, the Waterfront-Block is deemed unsuitable for placement on softer
soils. In addition to this the performance of the Waterfront-Block on seepage is
also quite poor since it has a small B/AH ratio. In fact this means that the
Waterfront-Block can only be placed on little else than an impermeable paved
(asphalt or concrete) surface.

In contrast to the Waterfront-block, water filled tube systems have only few

specific subsoil requirements and have a relatively large width compared to
many other systems.
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Systems Subsoil requirements Relative

surface bearing Seepage score
elevations capacity B/DH,, (-)

Sandbags no specific requirements no specific requirements 83%
g-bags no specific requirements no specific requirements 67%

Concrete

Waterfront block smooth only stiff subsoil (paved) 0%

Pallet Barrier smooth only stiff subsoil (paved) 0%

Rapldam smooth no specific requirements 67%

Aqua Levee smooth no specific requirements 50%
Twin Flex Barrier no specific requirements no specific requirements 3.1 83%
AquaDam no specific requirements no specific requirements 3.2 83%
Aqua Barrier no specific requirements no specific requirements 3.2 83%

table 11 Score on applicability for different TFD systems
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9.6 Conclusion on temporary flood defense systems

The overall picture of the scores of the different system is displayed in fig. 69.
With respect to applicability, especially the water-filled tube systems have a high
score as does the traditional sandbag dam and to a lesser extent the Big-bag
and Rapidam. Only two systems score very low, namely the Waterfront-Block
and the Pallet Barrier, stemming from the fact that they have several specific
subsoil requirements.

0% 20% 40% 60% 80% 100% €0 €500

€1 000
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Big-bags

@ Equivalent costs
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Water-filled
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AguaDam ]
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b
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fig. 69 Total score

With respect to deployment the low score for the sandbag, Big-bag and
Waterfront-Block is striking. Though the Big-bag has is the least expensive
system, its score on deployment is too low to consider it to be an option for a
professional approach of emergency situations. This is a consequence of the low
deployment rate and the relatively large weight that has to be transported.

The Twin Flex Barrier does have the properties required to satisfy the demands.
The Twin Flex Barrier is the only system that has a good score on deployment
and applicability and has a relatively low price. The Twin Flex Barrier
incorporates the properties that make it the most promising system. These
properties are its superior deployment rate, low weight and its flexibility to be
applied at practically any random location.

The Water-filled tube design based on the Twin Flex Barrier is further elaborated

in the next chapter where some additional modifications are discussed to
increase its performance on applicability and stability.
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10 Water-filled TFD design

10.1 General

In chapter 9 the water filled Twin Flex Barrier was chosen as the most promising
system to be applied as an emergency measure to temporarily increase the
strength of a dike. In this chapter the design of the water-filled tube TFD will be
refined to improve its performance.

10.2 Shape

The first possible adaptation of the water-filled tube design can be done by
changing the shape of the system. To get an idea of the effect on stability of
different shapes, three standard geometrical shapes other than the circular tube
are compared to the Twin Flex Barrier (see fig. 70).

COLI 1/ \

fig. 70 The Twin Flex Barrier, square, triangular and trapezoidal tube

The displayed tubes have the same volume per running meter as the Twin Flex
Barrier. The square, triangle and trapezoid all have a height of 1.57m while the
Twin Flex has a height of approximately 1.2m. The width of the Twin Flex barrier
is 2.5m, for the square tube it is 1.57m and for the triangular tube 3.13. The
width of the trapezoidal tube is 2.35 at its base and 0.78 at its top. For the
calculations, the practical difference between the shapes is the variation
between upward and downward water pressure as shown in the figure below.

fig. 71 Different water-filled TFD shapes

Like before, the shear coefficient used in the calculations is 0.25 and the rotation
point is assumed to be at 2/3 of the width. The safety against shear for the
different types is displayed in fig. 72.

With respect to shear stability it is clearly visible that the differences are very
small and none of the systems can safely withstand more than roughly 0.90m of
water. Here, especially the point where FS=1 is of importance because the
system is then about to become unstable. All tube shapes fail within a water
level range of only 12cm (between 80cm and 92cm).
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The shear stability of the square, triangular and trapezoidal “tubes” is somewhat
better than the original Twin Flex Barrier. Though the stability of the triangular
tube is the best, the expected positive effect of the extra downward water
pressure is for a large part undone by the increased upward water pressure
which is a consequence of the increased system width. This also explains why

the stability of the trapezoid is somewhat worse than that of the square.

2 2

1% = = = = = = = m 1 =
—{— square
—A— triangular
—o— trapezoid
—0— Twin Flex Barrier
O T T T 1 0 T T T
0.6 0.7 0.8 0.9 1 0.6 0.7 0.8 0.9

Water level (m) Water level (m)

fig. 72 Safety against shear (left) and rotation (right) related to water height

The image of the rotational stability is less obvious. Generally, a system with a
large width compared to its height would be more stable than a slender
structure. In this situation however, the upward water pressure acts as an
additional destabilizing force. This upward water force is larger for systems with

a larger width and thus, the positive effect of a large width is partially undone.

This effect is especially visible for the triangular tube. The safety against rotation
actually increases for an increasing water level. The reason for this is the fact
that for a higher water level the stabilizing downward water force gains
importance relative to the upward water force. Still, the triangular tube remains

unstable with respect to rotation.

Another cause of the instability of the triangle is that a large part of its weight is
located around the rotation point. In the calculation, the rotation point was
assumed at 2/3 of the system width, which is actually the point where the force
of the system weight takes effect. The moment arm of the system weight is then

nil and the stabilizing influence of the system weight negligible.

When the overall stability of the systems is considered, it becomes clear that the
square tube is the most stable, followed by the trapezoid and the Twin Flex
Barrier. The differences are however small. While the Twin Flex can maximally

withstand 80cm of water, for the square tube this is only 10cm more.
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It can therefore be concluded that a variation in shape has only a marginal
effect on stability. Therefore the aim should be to use the simplest (least costly)
shape for the ultimate design. In the following paragraphs the original Twin Flex
design will be used as a basis. If a higher water level has to be withstood, the
TFD should either be larger or some special adaptations will have to be made.

10.3 Sealing sheet

10.3.1 Piping length

Though the water-filled tube systems do not score exceptionally low with respect
to piping, the applicability would benefit from a modification of the design to
further decrease the problem of piping. A possibility is the use of a sealing sheet
comparable to the Rapidam or Ducoda system. When the Twin Flex Barrier is
fitted with a sealing sheet, the piping length is increased with the length of the
sheet.

The minimally required piping length depends on the type of subsoil but even
more on the method (Bligh or Sellmeijer) used to analyze the mechanism, as
was discussed in chapter 8. The difference between both of the methods is
considerable. Bligh requires a system to have a width of at least 18 times the
controlled water level while this ratio is only 7.5 for Sellmeijer.

In chapter 8 it was shown that the Twin Flex Barrier can maximally withstand a
water level of 0.8m under unfavorable conditions. For this water level the
required system width varies between 6m (Sellmeijer) and 14.4m (Bligh).
Taking into account that the Barrier itself has a width of 2.5m, the sealing sheet
length will need to be 3.5 to 12m to make the system “piping-proof.”

This range is too large to be able too make a sound proposal for the ultimate
design. It is however recommendable that the 12m sheet length is used for a
reliable preliminary design.

10.3.2 Effect on shear stability

The sealing sheet also has a positive effect on shear stability because it
increases the systems shear strength. In fig. 73 the stability-effect of a sealing
sheet of different lengths is displayed with respect to the original Twin Flex
Barrier.

The system fitted with the relatively short 3.5m sheet can withstand a water
level of 0.8m with a safety of already more than 2, which implies that probability
of failure of the system through shear is very small. The shear stability for the
longer sheets is even better.
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fig. 73 Effect of a sealing sheet on the safety against shear

10.3.3 Reliability

In the previous paragraphs the presence of a sealing sheet proved to have a
significant positive effect on piping and shear stability. The calculations where
made assuming perfect sealing to the subsoil through the water pressure,
providing additional friction with the surface and an increased piping length.

=
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fig. 74 The (in)effectiveness of a sealing sheet

However, the assumption of perfect sealing is disputable. A synthetic sheet has
a density that is not much more than that of water and therefore requires some
initial loading to secure sealing to the surface. If the sealing is compromised, the
sheet is likely to start floating in the water, which will mean that the effect of
the sheet is completely undone. To overcome this problem, the various
composite systems that use a sealing sheet all make use of methods to fix the
end of the sheet to the surface, for instance by digging in or loading with
sandbags.
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Even with a method to fix the sheet to the surface, the water only needs a small
opening to find a way underneath the sheet. When this occurs, the water
pressure underneath will equal the downward pressure. The upward water
pressure will eventually cover the full width of the sheet. The positive effect on
shear stability and the increased piping length will then be undone.

Intermezzo

The NOAQ system is a system that consists of a single air-filled tube and a
sealing sheet partially incorporating a drainage layer. The system was on the
market until the manufacturer went bankrupt some five years ago. It relied
entirely on the theoretical effectiveness of the sealing sheet as was proven by
calculations and demonstrated through field tests executed by the supplier.
Several Dutch Water Boards also tested the system but when the water level
increased, it floated away. The theoretical effect of the sealing sheet proved not
always to work in practice.

The sealing sheet can work but its effectiveness is very much dependent on its
sealing to the subsoil. The apparent unreliability of this sealing is reason for
concern. It is therefore recommended to further investigate the effect of the
sealing sheet with respect to piping and sheer stability. This can be done by
testing different types of sheet material and different types of initial loading of
the sheet edge.
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10.4 Preliminary TFD design

The comparison of the previous chapter led to the conclusion that the water-
filled tube TFD is a promising system for use during emergency situations. In
this chapter one modification was made to prevent piping. The preliminary
design of the system is depicted in the figure below. This system is able to
withstand at least 0.8m of water even under the most unfavorable conditions.

tubes @: 1.25m

Sheet length: 12m TFD width 2.5m

/.
4

N
v

fig. 75 Impression of the preliminary twin tube TFD design

Because the sheet is quite long, it does have a negative effect on costs and
workability. If there is less uncertainty in the location of deployment, the sealing
sheet could turn out to be redundant. A buyer should then have the option to
acquire the system without sealing sheet.

Besides these geometric and stability properties, the system should have the

property of rapid deployment which is connected to the next three aspects (as

described in paragraph 7.1):

+ The system should have segments of considerable length to limit the time
spent on connecting different segments;

e The system should have simple connection pieces that can link different
segments together;

« The equipment used for deployment (tractor, spool and pumps) should be
effective in supporting a quick deployment.
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11 Reliability of the emergency measures

11.1 General

This chapter looks at the reliability of the temporary flood defense system, given
the intended field of application. The most important part is the logistic
feasibility. This is discussed in more detail since it also says something about the
feasibility of the scale of application. The purpose of this chapter is therefore to
also give a rough indication of the scale of application that is reasonably feasible.

The reliability of a system can be represented by the probability of failure of that
system. The failure of a TFD system can be distinguished in three main failure
modes of which logistic and constructive failure are the most obvious. The fault
tree is depicted in fig. 76 and in the next paragraphs the failure modes are
described in more detail.

TFED failure

[

- . Structural ,
Logistic Constructive . : Vandalism
integrity

fig. 76 Fault tree for TFD system failure

The acceptable total failure probability of the system depends on the frequency
of occurrence of the emergency and the desired safety level. When an area has
a safety level of 1/10 per year and this is supposed to be increased to 1/1,000
per year, the failure of the system may be no higher than 1% for the range of
water levels. In this chapter a maximum total failure probability of 1/50 is taken
as a directive.

Intermezzo

The Maeslant Barrier (The Netherlands) was designed to provide the hinterland
with a protection against the 1/10,000 per year storm surge. However, it was
later determined that the safety level is only 1/7,000 per year. The following
approach was made. The water level for which it has to be closed has a return
period of 70 years while the system itself has a total probability of failure per
closure of approximately 1%. Because failure of the barrier can be assumed

independent of the water level, the safety level is then 1/70x1/100=1/7,000.%
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11.2 Constructive failure

The constructive failure modes are shear, rotation and piping as described
earlier in chapter 8. Since the system has been designed to withstand a certain
maximum water level under the most unfavorable conditions and with a high
safety factor, a probabilistic calculation is deemed unnecessary. The other failure
modes are likely to have probabilities of failure that are at least one order of
magnitude larger.

11.3 Logistic failure

11.3.1 General

The logistic failure of a system can be explained as the feasibility of a timely
deployment. This depends on the time available and time required for
deployment, both products of various location specific parameters. It is
therefore very difficult to determine the general logistic reliability of a system.
This paragraph provides some sensitivity analyses that give a rough indication of
the logistic feasibility of the emergency measures. Additional to this the results
will provide insight into the scale on which emergency measures are still reliable
enough.

As said before the probability that the system is not deployed in time depends
on the time available and the time required. The time available is in fact the
time that expires between the moment that a situation is forecasted and the
moment that this situation occurs, in other words, the warning time. The time
required is the entire logistic process that has to be run through before the
system has been placed. This process can be subdivided in three different
activities:

» decision-making;

* transport;

e deployment.

These activities are assumed to be connected in series, meaning that the
required time is the sum of the three. The reliability of the logistic process can
then be represented by the following reliability function:

Z :Twarning _Tdecision _Ttransport _Tdeployment

The logistic process will fail for any situation where Z<0. To make an
assessment of the reliability, first the different parts of the process will be
analyzed.

Though this report considers logistic failure only in terms of time, this is not
entirely correct because logistic factors other than separate parts of the timeline
could lead to failure. Especially for a shorter warning time, equipment
breakdown or traffic jams could have a great influence. Still this is not in taken
into account in this calculation since the objective of this paragraph is to give an
indication not an exact failure probability.
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11.3.2 Warning time

The warning time depends on the nature of the high water. A high water level on
a river can be forecasted for several days while a storm surge along a sea coast
has a warning time that is in the order of six hours. The Dutch FloRijn Rhine
water level forecasting model is able to make a reasonably accurate third day
prediction, resulting in a warning time of 72 hours.!®! It must be added that
there are also river areas where the warning time is less because high water
levels are unpredictable or because intricate warning systems are not present.

11.3.3 Decision making

During the 1995 high water in The Netherlands, the decision was made to
evacuate several areas along the River Rhine. Each order for evacuation was
preceded by approximately four hours of decision-making. Only the evacuation
of Ochten needed less decision-time since the mayor did not want to wait for
provincial approval. In this specific case, the decision was made in 1% hours.[®!
The application of an emergency system has less negative consequences, that
need to be pondered, than a large-scale evacuation. Therefore, the decision-
making process is probably less time-consuming. A decision-time of two hours
seems a reasonable estimate.

11.3.4 Transport

After the decision is made to deploy the emergency measure, the system will
have to be transported to the location of deployment. The transportation time is
very much dependent on the distance between the location of storage and the
location of deployment. In this case a transportation time of 1 hour is assumed.

11.3.5 Deployment

Twin Flex Barrier

When the system is transported to the location, deployment can start. The
deployment time depends on two aspects, namely the deployment rate and the
length over which the system needs to be deployed. The first was earlier
discussed in chapter 7 and was the main reason of the high performance of the
Twin Flex Barrier in chapter 9.

When the deployment rate is based on that of the original Twin Flex Barrier the
several sources of information provided rates varying from 600 to 1,200 m/hour
per team of 4 to 5. Testing the system at a North Sea beach in Denmark
resulted in a rate of 1km/hour. The test was done under the most favorable
conditions (no wind or obstacles).

Extreme weather conditions

Deployment could be seriously hindered by external circumstances, the most
obvious being extreme weather conditions. For instance the southwesterly storm
of 18 January 2007 in The Netherlands caused a lot of damage. Several bridges
and dikes were closed for traffic, since the situation got to dangerous or because
trucks where blown down. Storms like these (wind force 10 or higher) have
occurred 58 times over the last 100 years.!*"
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For a storm surge at sea a high water level and extreme weather conditions are
correlated. An extremely high water level is then always the result of high winds
creating a wind set up. Application of a temporary flood defense system will then
hardly be possible. Opposed to this, for a river area there is no correlation
between a high water level and the weather condition are uncorrelated. The
probability that a high water level coincides with extreme weather conditions is
relatively small. Therefore the application of emergency measures in a river area
is logistically better feasible.

It is difficult to determine a fixed threshold (e.g. Beaufort wind force) for
workability. A storm like the one of January 18" will most likely make
deployment of an emergency system impossible. Still, this does not mean that a
lower wind force does not affect deployment. Wind force 8 will already have a
significant negative effect on deployment progression. There is however no
information available on the relation between deployment rate and weather
conditions (or any other external influences for that matter), though the earlier
figure of 1,000 m/hour is probably a sound estimation for the upper limit.

The lower limit for the deployment rate is of course 0 m/hour. The probability
distribution between these limits is a point of concern since it is unknown but
has a large influence on the results. A type of distribution that is often used for
production rates is the beta distribution. This distribution is described by an
upper and lower limit and two shape factors. Three examples of probability
density functions of beta distributed deployment rates between the boundaries 0
and 1,000 are displayed in fig. 77.
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fig. 77 Probability density function of beta distributed deployment rates

The distributions have a clear distribution around an average value. These
average values are chosen arbitrarily because they are actually unknown. The
shown distributions can be discerned in an optimistic, an intermediate and a
pessimistic approach.
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11.3.6 Probabilistic calculations

For several parts of the reliability function a reasonable estimate has been made.
The deployment rate is still the uncertain part in this calculation. The first
calculation was made using the data proposed in the previous paragraphs, with
the 72 hour warning time and for the three different beta-distributed
deployment rates.
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fig. 78 Conditional probability of failure of deployment for different deployment rate
distributions

The graphs of fig. 78 show the development of the conditional probability of
failure of the logistic process with respect to the required system length. The
difference between the different distributions is large but in the same order of
magnitude. For instance, for a required length of 4km, the failure probability
varies between 1 and 3%. When the 2% boundary is respected the maximum
system length varies between 3 and 6km for the three different distributions.

A parameter that has an even larger influence is the warning time. The
sensitivity of the result is displayed in fig. 79 for the intermediate beta(2,3)-
distributed deployment rate. For a warning time of only one day, the reliability
of the logistic process drops alarmingly. The maximum length may then be little
more than 1km.
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fig. 79 Conditional probability of failure deployment for varying warning time

It is of course also possible to assign more teams to the deployment job, but it
is probably not realistic to assume that the responsible authority will keep a
large workforce at hand to execute emergency measures with a low frequency of
occurrence.

11.3.7 Water berm logistic feasibility

The water berm has an additional step in the process which is filling of the berm.
For the deployment of the TFD system that walls the water berm, the same
logistic considerations apply. The system will have to be deployed before the
water level becomes critical. The filling of the berm should start no later than
the moment the critical head difference (paragraph 3.2.5) is reached.

When assuming that the berm wall is constructed just before the head difference
becomes critical, the pumping capacity should be large enough to guarantee the
water level in the berm to rise at least at the rate the river water level rises. In
1995 the water level on the river Meuse rose with a rate of 5cm/hour.

Besides the rate of river water level rise, the pumping capacity is determined by
size of the walled area that has to be filled. The size of the area depends on the
width and length of the berm. For the case discussed in chapter 4, the width of
the berm was set to be 20m. The length of the berm depends on the length of
the weak dike section. The VNK flood risk studies show that dike sections
vulnerable to piping have lengths that are often less than 1km. For example, the
weakest dike section of dike ring area 10 has a length of 600m.!?%!

Assuming an area of 1,000 by 20m (20,000m?) and a minimum water level rise
of 5cm per hour, the pumping discharge should be at least 1,000m>3/hour, which
is less than 17m?> per minute. This lies within the range of the pumps needed for
deployment of the Twin Flex Barrier. So the application of this system as an
emergency measure against piping is feasible.
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11.3.8 Final remark on logistic failure

The analysis of this paragraph showed that the logistical process is broken down
in various parts. The most important aspects in the process are the warning
time and deployment rate, which both have a significant impact on logistic
reliability.

It was determined that the length that can be deployed with the required
reliability is in the order of magnitude of 4km. This does put a limitation on the
possible fields of application.

For the expected small scale application of the water berm, this range is good
enough. It is however relatively low for temporary crest heightening. For the
purpose of temporary crest heightening only one type of application remains,
characterized by the small scale of application.

This kind of application is the protection of areas with a low protection level but
with a lot of potential damage like urban environments where dikes or quays
cannot be heightened since there is too little space (e.g. Cologne in Germany,
see fig. 80, left). Other examples are small areas of great value or importance
such as hospitals and power stations like the Tewkesbury (Gloucestershire, UK)
power substation which was nearly flooded during the high water of July 2007
(see fig. 80, right). At locations like these piping is of lesser concern.

fig. 80 High water in Cologne (left) and the Tewkesbury power substation (right)

11.4 Other failure modes: structural integrity and vandalism

Two other failure modes are structural integrity and vandalism. Structural
integrity is the sum of possible failure modes through damage or design flaws.
The points of interest with respect to structural integrity are the resistance of
material to rupture and the reliability of joints. This is not further discussed here
apart from stating that the probability of failure of the structural integrity should
be at lower than that of logistic failure by at least one order of magnitude.

Besides structural integrity another source of failure is vandalism. That

vandalism is a real threat was shown on January 2003 when the Water Board of
Peel & Maasvallei used the Ducoda system to protect the village of Meerlo
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against the rising water of the Meuse (see fig. 81). The system was deployed
over a length of in total 400m. Before the water level rose to the height of the
TFD, it was discovered that the barrier had been cut with a knife. The system

was repaired in time and eventually controlled about 20cm of water.
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fig. 81 Atrticle in the Leeuwarder Courant - 6 January 2003

It would seem that TFD systems made of synthetic material like water-filled tube
systems are extremely vulnerable to vandalism. But this can be said for almost
any mobile TFD system. A sandbag dam can also be demolished without much
difficulty by displacing some bags from the dam and letting the resulting flow of
water finish the job.

Intermezzo

During the high water on the Meuse in 2003, which was the first high water
since that of 1995, a sandbag dam was constructed to protect the town of
Arcen in Limburg. At night somebody kicked one of the bags out of the

emergency dam. This did not lead to failure since the water was not yet at its
highest point (Dagblad De Limburger, Tuesday 7 January 2003)

Only the more robust systems like e.g. the concrete barriers have a considerable
resistance against vandalism. Though vandalism could prove to be a significant
problem, the data available is yet insufficient to be able to make a sound
estimate of the failure probability.

11.5 Final remark on system reliability

This chapter described the reliability of the Twin Flex type of system in terms of
a probability of failure. The main interest was the logistical process. Calculation
showed that the length that can be deployed with reasonable reliability is quite
limited. The calculations did however incorporate a lot of uncertainties. It is
therefore recommendable that the logistic feasibility is further analyzed in the
future.
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12 Conclusion and recommendations

Objective

This report has the objective of designing a method or system to temporarily
increase the strength of river dikes. To achieve this, the aim was first directed
on the possible failure mechanisms rather than looking immediately at
overtopping and systems against this. For this purpose a theoretical and
practical inventory of failure mechanisms was made. This inventory led to the
conclusion that besides overtopping, piping is also an important cause of dike
failure in many river areas in the world.

Emergency measures

Piping and overtopping at river dikes both have their specific characteristics.
Overtopping can occur at any dike or quay, while piping is restricted to dikes
with specific geological characteristics. There are however two important
characteristics that determine the usefulness for an emergency measure against
piping. On the one hand, there are only few emergency systems against it. On
the other, piping can occur for water levels below the protection level of a dike,
while overtopping only occurs for water levels above this protection level. In
other words, a measure against piping will be heeded on a more frequent basis.

Emergency measures against both overtopping and piping where discussed. The
considered emergency measure against overtopping is the traditional crest
heightening by means of a water retaining system. The proposed emergency
measure against piping is the preventively damming of a piping-sensitive area
behind the dike and filling this area with water. This method decreases the head
difference; the driving force in the piping mechanism.

The two proposed measures against overtopping (left) and piping (right)

By means of a probabilistic calculation it was determined that the water berm
method can be very effective with respect to decreasing the probability of failure
through piping. The measure increases the critical water level in front of the dike
with the berm water height.

It was also determined that measures against overtopping have little effect
when piping is also a problem for a certain dike section. But when other
mechanisms are of less importance, temporary crest heightening can be very
effective.
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Temporary flood defense systems

Because both measures make use of some sort of water retaining system, the
next step was to design a temporary flood defense system for this purpose.
Therefore, the existing systems have been examined and it was determined
which system has the most promising properties. Ultimately the Twin Flex
Barrier (“"Mobiele Waterdam” in Dutch) water-filled tube type of system was
chosen to have the best performance on the aspects of costs, deployment,
stability and applicability. This system consists of two parallel tubes connected
at one point. It has relatively low costs and a very high deployment rate and
makes very few demands on the location of application.

Attempts to improve the stability by a modified tube shape showed that the
shape has little effect on stability. The standard circular twin tube shape will
therefore remain the most obvious. Because piping could in some cases lead to
failure of the system, the design was adapted by adding a sealing sheet in front
of the tubes to increase the piping length.

Reliability and scale of application

Finally the reliability of the measures was assessed. It turned out that especially
the logistic feasibility is a point of concern. Even with a warning time of three
days, the probability of logistic failure restricted the applied length to an order of
magnitude of some 4km. For the water berm application this is not so much of a
problem since this mechanism is in general restricted to small locations of often
less than one kilometer. As a measure against overtopping, the scale limits the
application to small areas with a lot of potential damage like river cities.

Recommendations

It must be stressed that the calculation of the logistic reliability did incorporate a
lot of uncertainties and assumptions. A next step in the research could be an
inventory of possible sites of application both against piping and overtopping.
For a specific site the logistic feasibility of the emergency measure can then be
more accurately determined.
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Besides the logistic reliability, there is still some uncertainty on the reliability of
the effectiveness of a sealing sheet. It is therefore recommended to further
investigate this by testing the system.
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Appendix I. Deterministic calculations
Overtopping calculations

The actual overtopping discharge can be calculated with the equations below.!%!

q=— 71y 7, lexp| 4750 3 9tH?,
tan(a) HmO Cro D/b D/f D/ﬁ D/v
With a maximum for: q=0.2[éxp —2.6[—IiE-IL Y93,
mo yf D/ﬁ
And with:
q Average wave overtopping discharge (m3/s per m)
g Acceleration due to gravity (m/s?)
Hmo Significant wave height at toe of dike (m)
o Breaker parameter, ¢, = tan(a) )
s
>0 Wave steepness, § = an:mo )
g |:rm—l;O
Tm-1,0 Spectral wave period at toe of dike (s)
tan(a) Slope (-)
Rc Free crest height above still water line (m)
% Influence factors for influence of berm, (-)

roughness elements, angle of wave attack
and vertical wall on slope

The wave steepness was assumed to be 0.05 (typical for wind waves) with a

wave direction perpendicular to the dike. The geometry of the dike is
characterized by a slope of 1:3 and the y-factors are all assumed to be 1.
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Brettschneider method
The height of wind waves on a river can be determined using the Bretschneider
method: !

Significant wave height: H_ =YmH
g
where
= 0.42
H =0.283[fanh 0.53[d°") anh 0.0125F
tanh (0.531d°")
with: F = gEZIF and d = g?ﬂ
u u
The input parameters are:
u wind velocity (m/s)
F fetch length (m)
d water depth (m)
g acceleration of gravity (m/s?)

In the figure below some calculation results are shown for a water depth of 5m
and various fetch lengths and wind conditions.

—~ 1.0
3 Beaufort number
> |\ | 4
‘©
=
o ———-6
g 0.5 -
= —38
=
®
k] 10
5
@ 0.0 12

0 500 1000 1500 2000

Fetch (m)

It is clear that only for high winds (Beaufort 8 or more) and a large fetch length
(more than 1km), a wave height of 0.5m or more can occur.
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Macro-stability calculations

The used parameters are:
Dike Geometry
crest height 6 m
crest width 5m

slope is varying from 1/2 to 1/4

Soil parameters

Subsaoill Dike material
sand sand clay
= 18 18 17 kKN/m®  (volumetric weight dry soil)
Ys= 20 20 17 kN/m®  (volumetric weight saturated soil)
¢= 30 30 20 degrees (angle of repose)
c= 0 0 10 kN/m? (cohesion)

Micro-instability calculations

The equation to calculate this ratio (the factor of safety) is displayed below, with
the denominator being the driving force.

(0. - p,) [ Bos(@) - p,, [ DGin(a - 6)) dan(e)

FS= :
(. - ) B EIN(@) + p, [y Dtos(a - 6)

with: o slope angle

Pw volumetric weight of water
Ps volumetric weight of the sand grains
g acceleration of gravity
i gradient of the freatic line
0 angle of freatic line
[0) angle of repose
Dike Geometry
crest height 6 m
crest width 5m

slope is varying from 1/2 to 1/4

freatic line intersects at 25% of the river water level

Parameters
Pw= 1000 kg/m3 (volumetric weight water)
Pg= 2650 kg/m3 (volumetric weight sand)
¢= 30 degrees (angle of repose sand)
g= 9.81 m/s2 (acceleration of gravity)
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Piping calculations

The piping mechanism can be analyzed with the method of Sellmeijer. The

equation is depicted below.

Ah = @ &an(d) [E% {0.68-0.100nc) L

0.28 1

) D \/py® g 3
with: a=|—|l{] ' and: c=nld —
(LJ(LJ 7] W0y Uk

The used parameters are:
Dike Geometry
crest height 6 m
crest width 5m

slope is varying from 1/2 to 1/4

Piping length (=dike base width) varies with slope

slope 1/2 1/3 1/4
L= 29 41 53 m
D= 30 m (aquifer thickness)

Subsoil parameters

fine sand, d;o= 200 M (70 percent value grain diameter)
coarse sand, d;o= 300 M (70 percent value grain diameter)
k= 2.0E-04 m/s (permeability)
Pg= 2650 kg/m®  (volumetric weight sand)
Pw= 1000 kg/m®  (volumetric weight water)
v= 1.3E-06 m%/s (kinematic viscosity)
6= 41 degrees (rolling resistance angle of sand grains)
n= 0.25 - (coefficient of White)
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Heave calculations

The resistance against heave depends on the weight and thickness of the top

clay layer and is determined by:
A¢C — d ysa'[ yW)
Y

Fs=22
The safety against heave is then -
Ag,

with: A¢X —= ¢X _¢o being the actual potential difference between the aquifer

and polder.

The potential in the aquifer at a certain distance is determined by:

@, = @y + (Puw — o) [€XP(—X/ A) , where: 1=TIC, T=k D and C=d/k,.

The used parameters:

Aquifer
D= 30 m (aquifer thickness)
k= 2.00E-04 m/s (permeability of aquifer)
clay layer
k.= 1.00E-07 m/s (permeability of clay layer)
Ys= 1800 kg/m®  (volumetric weight of clay)
Vo= 1000 kg/m®  (volumetric weight of water)

The clay layer thickness varies from 2 to 8m
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Appendix II. Overtopping

Overtopping equations
The actual average overtopping discharge (q) can be determined with the
following equations.!%

0.067 R - 1 TE

T, <~ 7b OE _fm mo
Jan@ R T e e

_ R 1 ST EN
With a maximum for: 4= O.2®Xp _2-6DH E g DH:]O

mO yf D/,B
in which:
q average wave overtopping discharge (m>/s per m)
g acceleration due to gravity (m/s?)
Hmo significant wave height at toe of dike (m)
€o _tan(a) -)
breaker parameter, 50 -
Js
So 5 = 2iTH (-)
wave steepness, -T2
g g |:rm—l;O
Tm-1,0 spectral wave period at toe of dike (s)
tan(a) outer dike slope (=)
R. free crest height above still water line (m)
fm model factor (=)
Vb influence factor for berm (<)
v influence factor for roughness of slope (=)
Yo influence factor for angle of wave attack (=)
Yo influence factor for vertical wall on slope (=)

In probabilistic calculations the parameter f,, is a normally distributed random
variable with a mean of 4.75 and a standard deviation of 0.5.

Bretschneider method

The most important parameters in the overtopping formula are the significant
wave height (Hmo), the spectral wave period (Tm-1,0) and the free crest height
above the still water line (R.). The free crest height depends on the chosen
water level for which the calculations are made. The first two parameters can be
determined with the Bretschneider method.

The Bretscheider method uses the wind velocity, fetch length (i.e. the distance

over the water surface over which the wind can develop waves) and the water
depth. The calculation is as follows:
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2
Significant wave height: H_ =Y
g

Peak wave period: T, =—[T

©Q|c

where

— 0.42
H =O.283[ﬂanh(0.53m°75)[ﬂanh[ 0.0125(F J

tanh (0.53d°")
and
= 0.25
T =7.541Ganh (0.833(d°*" ) (anh 0.0771F -
tanh 0.8331d°*")
with: F = gEZIF and d= g?ﬂ
u u
The input parameters are:
u wind velocity (m/s)
F fetch length (m)
d water depth (m)
g acceleration of gravity (m/s?)

The output values according to the Bretschneider equations deviate a little from
the required input parameters for the overtopping discharge formula. The

spectral wave period can be calculated from the peak period by: T__, =1—"1

The wave height deviates very little, so it is acceptable to assume: H ,=H,.
This is only true for relatively deep water at the toe for which h/H,>3 to 4
(where h is the water depth at the toe), because then it can be assumed that
waves will not break at the foreshore. If breaking does occur, this influences the
wave spectrum and the equations above are no longer valid. This might be a
problem for the calculations with a low water level. Overtopping is however
negligible for low water levels so this inconsistency is assumed to be acceptable.

Angle of wave attack

Besides the wind velocity, the wind direction is of great importance. Though the
case dike is assumed to lie perpendicular to the prevailing wind direction there is
still a large probability that the wind comes from another direction. This affects
the overtopping discharge. Therefore the following relations will be used.

The relation between y; and the angle of wave attack is displayed below:
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y,=1-00033 (0" =<|A|<80°)
y,=1-0.0033B0  (|B>80°)
where B is the angle of wave attack which is 0 for the wave direction

perpendicular to the dike.

In practice it is possible that the angle of wave attack is greater than 80° or that
the wind is coming from the landside of the dike. For the situation that

80° <|B|<110°, the wave height and period should be adapted instead of the
influence factor. This should be done by:

Multiplying Hpyo with: 110—\,8\
30
Multiplying Tm-1 o wWith: 110_‘13‘
30

When 110°<|B/<180° the influence of waves is negligible so Hmo=0.

The deterministic parameters for the probabilistic calculations are summed op in
the table below. The choice of the critical overtopping discharge has already
been explained. The fetch length (F) is based on the river width. The river Rhine
in The Netherlands has a width that roughly varies between 1 and 2km. Here,
the width is taken to be 1,000m.

Parameter Value Dimension
dc 10 I/s/m

F 1,500 m

d 5 m

tan(a) 1/3 -

Yb 1.0 -

Ve 1.0 -

YW 1.0 -

g 9.81 m/s?

table 12 Deterministic variables

The depth (d) varies over the width of the river. At the summer bed of the river
the river is much deeper than at the foreland. The depth also varies for different
water levels. Since the depth is of little influence on the calculation results, it
can be assumed to be constant at 5m. Finally, the dike slope and influence
factors are determined by the case dike geometry. The influence factor for angle
of incidence of waves (y;) depends on the wind direction.
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Wind direction and velocity

The wind direction and wind velocity are the only random variables besides the
model factor (f,,). The distribution of both wind velocity and direction is based
on data obtained from the Royal Dutch Meteorological Institute (KNMI). The
analyzed data exists of measurements of the maximum hourly average wind
velocity per day over the period 1-1-1904 to 22-4-2007. The measurements
were done at station De Bild, which lies land inward. The considered data can
therefore be assumed to be representative for a river area.

The analysis exists of the division of wind direction in 8 segments of 45 degrees
wide (north, north-west, west, etc.) and determining the probability of
occurrence of each wind direction. In addition the wind velocity distribution per
directional segment was determined.

Direction N NE E SE S SwW w NwW

Distribution 8.8% 11.3% 8.0% 9.2% 14.6% 23.2% 14.9% 10.0%

Wind velocity (Gumbel distributed)

p(m/s) 5.49 5.78 5.67 5.75 6.79 7.31 6.74 6.01
o (m/s) 2.13 1.97 1.96 2.20 2.88 2.78 2.83 2.66

table 13 Distribution of wind direction and velocity

The table shows two important results. The first being that almost % of the wind
comes from a south-westerly direction. The second is that the wind direction and
wind velocity distribution are correlated. The wind velocity is Gumbel-distributed
for each direction. However, the table above shows that the wind velocity has a
different mean and standard deviation for each direction. This correlation will be
taken in account in the probabilistic calculations. Finally, it is assumed that there
is no correlation between water level and wind velocity or direction, since a high
water level is the result of a river discharge that itself is a consequence of
rainfall hundreds of kilometers away.

The probabilistic calculation incorporates only three random variables. Besides
the model-factor, the wind-direction and wind velocity are very important for the
calculations results. Because these are both based on over a century of daily
measurements, an additional sensitivity analysis is deemed unnecessary.
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Appendix III.Piping

The Sellmeijer equation is used to assess the piping mechanism. The critical
water level difference can be calculated by:

Ah = o &an(6) [EMJ [{0.68 - 0.100nc) L
Py

0.28

1
To2E 3
with: a = (%)@ < and: c=npld, EE g j

UKL
in which:
D thickness of the sand layer (m)
L length of the piping line (m)
d-o 70 percent value of the grain distribution (m)
k permeability of the sand layer (m/s)
Ps volumetric weight of sand (kg/m?)
Pw volumetric weight of water (kg/m?)
v viscosity of water (m?/s)
g acceleration of gravity (m/s?)
0 rolling resistance angle of the sand grains )
n coefficient of White (-)

The most important parameters are L, d;, and k and (to a smaller extent) D. In
this case L is determined by the base width of the dike. D, d;, and k are all
characteristic properties of the aquifer.

Correlation between permeability and grain diameter

In practice the d;, and permeability are correlated. Subsoil with a large grain
diameter is relatively permeable, while finer grained soils have a much lower
permeability. When assuming the two parameters to be uncorrelated, simulation
could lead to the unlikely result that a small grain diameter is coupled to a high
permeability, resulting in high failure probabilities. A method to correlate k to d;q
is the Den Rooijen equation:

k =(c, ~1.83010° On(u)) @2

where:

Co parameter for the packing of the sand (m?s™?)
U uniformity of the sand, u=dso/d1g (-)

dio 10 percent value of the grain distribution (m)

deo 60 percent value of the grain distribution (m)

. . d .
The dyo can be estimated from d,o using —2=1.100 where the factor 1.1 in the
10
formula is actually the ratio d;o/deo.
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The Den Rooijen formula, however, fails to incorporate the heterogeneity in the
aquifer because the permeability is correlated to the d;o of the top layer of the
aquifer. In practice it is often the case that the sand at greater depth is coarser
than the sand directly underneath the dike. The Den Rooijen formula therefore
underestimates the permeability. To compensate for this, a weighed k-value can
be determined that also incorporates the influence of the coarser material at
greater depth. This weighed permeability can be calculated by: k* =ak +(1-a)k,

0.7

with: a(kl,kz):1—0.4£kﬁj
2

Here k; is the permeability correlated with the d;, of the top of the aquifer and
k, is the permeability of the rest of the aquifer. This equation is based on the
preliminary results of a calibration process in the framework of VNK2. The
sensitivity of the chosen method of correlation is assessed at the end of this
appendix.

The random and deterministic variables that are used in the Sellmeijer equation
are summed up below. The piping length (L) is determined by the dike geometry
(dike base width). The other subsoil and geometry parameters are common for
the Dutch river area. The variation coefficients (vc) in the table are taken from
the Technical Report on Piping at River Dikes.!!

Random variables

Parameter Distribution Vc €

D (m) Lognormal 30 0.10 0
dyo (M) Lognormal 300 0.20 150
U (-) Lognormal 2.5 0.10 1.5
dvo/dso (-) Lognormal 1.1 0.05 1.0
ko (M/s) Normal 5%10™ 0.20 0
Deterministic variables

L 41 m

Ps 2,650 Kg/m?3

Pw 1,000 Kg/m?3

v 1.33*¥10°® M?/s

g 9.81 m/s?

0 41 ©

n 0.25 -

In contrast to the overtopping calculation, the piping calculation incorporates
more uncertainties in the parameters. The most important uncertainty is,
however, the method of correlation. As described earlier, three methods exist to
describe the relation between grain diameter and permeability, namely:

* no correlation between k and dyg;

» correlation according to Den Rooijen;

« weighed permeability.
For these three methods, the development of the conditional probability of
failure with respect to the water level is displayed in fig. 82.
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fig. 82 Sensitivity of correlation methods for piping calculation

The results show maximum failure probabilities for the uncorrelated calculation.
This method is deemed to give a very conservative estimation of the conditional
probability of failure. For the Den Rooijen method the results are much lower
and probably show a too optimistic image. The weighed permeability method is
assumed to produce the most realistic result. This method will be used further in
the calculations.
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Appendix IV. Dike ring areas
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Appendix V. Temporary Flood Defense systems

Characteristics Sandbags

Height: 0.4m
Base width: 1.2m
Crest width: 0.4m

Volumetric weight sand
dry: 1,600kg/m?
wet: 2,000kg/m?

Costs of purchase: = € 20,- per m length

Characteristics Big Bags
Height: 0.85m

Base width: 0.95m
Filled volume: 0.8m3/m
Volumetric weight sand
dry: 1,600kg/m?

wet: 2,000kg/m?

Costs of purchase: € 35,- per m length

Characteristics

Height: 0.8m
Base width: 0.8m

Volumetric weight concrete: 2,400kg/m?>

Costs of purchase: € 125,- per m length
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Characteristics Pallet Barrier

Pallet dimensions: 1.2 x 0.8 x 0.15m
(length x width x height)

Slope: 1:1

Height: 0.95m

Barrier weight: 60kg/m

Sealing sheet length: 2.7m
(1.5m in front of barrier)

Support dimensions: 0.95 x 0.245m
(length x width)

Costs of purchase: € 205,- per m length

Characteristics

Heigth: 1m
Slope: 1:1
Bottom width: 4m

Costs of purchase: € 420,- per m length

Characteristics

Sides: 0.8m
Heigth: 0.69m

Filled volume: 0.27m>/m

Costs of purchase: € 330,- per m length
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Characteristics Twin Flex Barrier

Barrier height: 1.20m
Base width: 2.5m
Inflated volume: 2.33m3/m

Costs of purchase: € 200,- per m length

Characteristics

Barrier height: 1.22m
Base width: 2.9m
Inflated volume: 3.0m3/m

Costs of purchase: € 150,- per m length

Characteristics Aqua Barrier

Barrier height: 1.22m
Base width: 3.05m
Inflated volume: 3.2m3/m

Costs of purchase: € 240,- per m length
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Appendix VI. Temporary Flood Defense stability

Weight structures

The general schematization of a TFD system with the acting forces is

displayed below:

« System weight: W

Fw;v

« Horizontal hydrostatic force: F,,, =1 p, [t h’

W,

 Vertical hydrostatic force: F,, =30, 9B

W,

mz

Where h is the water level, B the system width and p,, the water density.

Validity of linear upward water pressure distribution
The horizontal hydrostatic force influences the stress distribution in the
subsoil and results in a smaller contact width between system and subsaoil.
This effect can be examined by determining the effective foundation width for
an eccentrically loaded foundation.
displayed in the figure below, as well as the effect on the upward water

4

pressure.
B
W
Fw;h

7 \

R

el

< B-2e >

This effective foundation width is

207

FW;V

Effective contact with (left) and resulting upward water pressure diagram (right)

The resulting force (R) in the subsoil can be calculated by:

R=‘/sz;h +W?

The eccentricity of this resulting force can be determined by summing the

moments around the centre of the systems base, which results in:

F.,3H
e= W,h[%
R
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The width of the contact area is then: B-2e

To determine the difference between the original linear and non-linear
upward water pressure distribution, an example calculation was made for the
Waterfront-Block. The table shows the increase of the eccentricity and the
decrease of the contact width for increasing water level.

H (m) 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

e (m) 0.00 0.00 0.00 0.01 0.01 0.02 0.04 0.05
B-2e (m) 0.80 0.80 0.79 0.79 0.77 0.75 0.73 0.69

Development of eccentricity and contact width with respect to water level

The graph shows the results of the calculation of the factor of safety, zoomed
in at the water level for which the system becomes unstable. The results
show that the difference between the two upward water pressure
schematizations is marginal. The assumption of a linear upward water
pressure distribution is therefore acceptable.

1.2
linear upward water pressure
------- non-linear upward water pressure
o 10-4=
L
0.8 ‘ ‘ ‘ ‘
0.75 0.8

Water level (m)

Influence of upward water pressure schematization
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Shear

Factor of safety against shear: FS:L
w;h

With the friction force: T =f [N

The normal force: N=W-F,,

Shear coefficient

The shear coefficient depends on the material of the system and the
foundation. Shear coefficients for different materials are displayed in the
table below. For any material the difference between a dry or wet surface is
striking. The low shear coefficient of rubber and wet asphalt is a point of
concern when applying a water-filled TFD on a road. The shear coefficient for
synthetic material and grass is also low. For the calculations a shear
coefficient of 0.25 for all systems is assumed.

Materials Shear coefficient
TFD Soil / foundation min max
steel concrete 0.45
cement cement 0.65
cement concrete dry clay 0.4
cement concrete wet clay 0.2
cement concrete wet sand 0.40
cement concrete dry sand 0.50 0.60
rubber asphalt (dry) 0.5 0.8
rubber asphalt (wet) 0.25 0.75
rubber concrete (dry) 0.6 0.85
rubber concrete (wet) 0.45 0.75
HDPE angular sand 0.3 0.4
HDPE rounded sand 0.2 0.3
synthetic material  grass 0.2 0.3

(Source:

~|

4], [37] and [38

R

Shear coefficients for different materials )
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Composite systems

Pallet Barrier: Brinch Hanssen method '®

The maximum bearing force can be approximated by:

Fmax = p Imax- A
whereby:

Plue =C'NSd. +q'Nsi +0.57B-N,s,i,

In which the factors for the bearing force are:
_ 1+sing’ e

¥ 1—sing’

N = (Nq - l)co‘r ¢ N N, =2(N, -1)tang’

In which the factors for the shape of the foundation ( B<I < ) are:

B B ’ B
s =1+02— s =1+—-sing s, =1-03—
‘ L . L 4 L
In which the factors for the horizontal load (B<L <) are:
For drained soil:
For HparalleltoLandL/B =22
i = oV e s
N, -1 T F + Ac'cotg
For H parallel to B :
e 3 3
o JalVql :_,___070H o Ty H
° N, -1 b F+ Ac'cot¢’ ! F+ Ac'cotg’

For undrained soil:

i = 0.5[1+ f1- A J for the rest, see above.
.‘i-j:fllﬂll

With the used subsoil parameters:

clayey Stiff organic

subsoil sand sand clay clay / peat
F 32.5 27.5 17.5 15
c' 0 0 10 3
fundr 0 0 50 20
g 20 21 17 13

The system geometry is incorporated in Appendix V

Water Controlling Water 112



Appendix VII. TFD score table

Deployment
Importance of aspects:
Logistic
feasibility
30%
Deployment
— rate
50%
Team

20%

Score development on deployment rate:

100%

75% +

50% -

25% - I—

relative score

4100+ ---eeee

7200 e

100%

& 3
0% 1 T T
0 50 100 150 200
Deployment rate (m/hour)
Score distribution on team characteristics:
Team characteristics
Average team size; Professionality;, . . 220
3306 3306 Equipment; 33%
T T T T 1
0% 25% 50% 75%
Score per aspect: Average team size >5: score=0

Professionalism required: score=0

Equipment required: score=0
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Score development on logistic feasibility:

100%

75% -

50% -

relative score

25% -

20 -

0 % T

1100

100 150

System weight (kg/m)

Applicability

Score distribution on applicability

Applicability

A

200

—

—~

surface elevations;
33%

bearing capacity;
33%

Seepage; 33%

0% 25%

50%

75%

100%

For both surface elevations and bearing capacity the score is awarded to
systems that have no specific requirements with respect to these aspects.
The score on piping is related to the ratio between system width and
controlled water level and is distributed as follows:

AH,/B<3: score=0

3< AH,/B <6: score=0.5

AH,,/B >6: score=1
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