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Abstract: Understanding levee failures can be significantly improved by analysing historical failures,
experiments and performance observations. Individual efforts have been undertaken to document
flood defence failures but no systematically gathered large scale, open access dataset is currently
available for thorough scientific research. Here, we introduce an efficiently structured, global
database, called International Levee Performance Database (ILPD), which aims to become a valuable
knowledge platform in the field of levee safety. It comprises information on levee characteristics,
failure mechanisms, geotechnical investigations and breach processes for more than 1500 cases
(October 2019). We provide a macro-scale analysis of the available data, aiming to provide insights
on levee behaviour based on historical records. We outline common failure mechanisms of which
external erosion is identified as the most frequent for levees. As an example, we investigate flood
events occurred in Germany (2002, 2013) and examine breach characteristics of hundreds of failures.
It is found that initial failure mechanisms have an influence on breach characteristics and that failures
due to instability and internal erosion are less frequent but lead to larger breaches. Moreover, a relation
between the return period and the expected breach density during a flood event is identified. These
insights could complement flood risk assessments.

Keywords: levee failures; database; flood risk; flood defences; levee breach

1. Introduction

The majority of the global population is located in flood prone coastal areas and deltas. Between
1980 and 2015, 3563 flood events have been reported in Europe and more severe floods are expected
in the near future [1,2]. Flood defence failures can lead to major catastrophes in terms of loss of life
and economic damage. Improved flood defence measures are required to safeguard flood prone
areas from floods in order to save many lives and avoid considerable damage costs. Aiming to
prevent this, flood prone countries make substantial investments in activities related to monitoring,
maintenance and reinforcement of flood defences. However, our understanding of levee failure
mechanisms is still limited. Despite extensive research on individual mechanisms and processes of
failures, the composition of levees, their behaviour during critical conditions and the modelling of
their failures still remain uncertain [3]. There is a need for better validation and calibration of models
or, in other words, better insight in their uncertainty.

Since the full-scale experiments are challenging and costly and the spatial variability in subsoil
typically plays an important role, historical levee failures can be used to provide insights into the real
failure processes and conditions. However, most of the analyses are performed with limited data
from failed levees, since most of the evidence is washed away during real failures. This highlights

Water 2020, 12, 119; d0i:10.3390/w12010119 www.mdpi.com/journal/water


http://www.mdpi.com/journal/water
http://www.mdpi.com
https://orcid.org/0000-0002-2022-1148
https://orcid.org/0000-0003-3550-9184
http://www.mdpi.com/2073-4441/12/1/119?type=check_update&version=1
http://dx.doi.org/10.3390/w12010119
http://www.mdpi.com/journal/water

Water 2020, 12, 119 2 of 22

the need for systematically and globally collected data and a sharing platform not only to advance
understanding of levee failures and their mechanisms but also to improve failure and breaching models.
These insights could eventually contribute to the development of accurate techniques for innovative
designs of flood defence systems and support decisions and actions affecting levee safety [4].

Several databases and data collections already exist in the field of dam safety (Table 1). Apart
from general information on the available dams around the world [5,6], these databases may have
a particular focus on dam breaches [7,8], landslide dam failures [9], large dam failures [10], internal
erosion of dams [11], dam incidents [12] and loss of life for risk assessments [13,14]. Most of these
databases include general information about the dams, such as geometry, type, reservoir capacity
and in some cases information on their failures, for example, time to failure, breach information,
peak discharge. Databases are also used for the analysis of accident statistics in other fields of Civil
Engineering. Typical examples include global reports on natural disaster impacts and frequencies [15],
remote sensing-based flood information [16] or data on flood protection standards [17].

In the field of levee safety, there is a small number of open access databases with some information
available, see Table 1. Some online databases provide general information on levees at a regional [18]
or at a national level without a particular focus on their failures [19,20]. Individual efforts have been
undertaken to document levee failures after disasters, for example, New Orleans in 2005 [21,22],
Germany in 2002 [23] but no systematically gathered large scale, open access datasets are available
for thorough scientific research. In this dearth of information, some researchers have constructed
data collections specifically on levee failures [24,25]. Characteristic of these mostly table-formatted
databases is that only generic information on failures is provided, for example, general information
on the levee geometry, material, breach information, failure mechanism. The databases identified
for levees do not include any detailed geotechnical or hydraulic information that would allow more
in-depth analysis of historical failures. This limits the use of these databases for detailed analysis of the
failure processes, development of empirical levee breach models or validation of process-based models.

Aiming to improve the understanding of these failure mechanisms and breaching and to enhance
the reliability analyses of flood defences, we set up an International Levee Performance Database (ILPD)
to facilitate sharing of data on levee characteristics, failure mechanisms, geotechnical investigations
and breach processes. The objectives of this study are (1) to present a comprehensive overview of the
first version of the ILPD (containing more than 1500 cases) and (2) to perform a macro-scale analysis of
the available data on levee failures and breaches, aiming to demonstrate the potential of the database
in providing insights on levee behaviour and supporting flood risk assessments based on historical
records. First, we elaborate on the purpose and structure of the ILPD and establish a terminology
which is used for describing levee failures. We provide basic statistics on the currently (October 2019)
available ILPD data to illustrate the overall characteristics of the database. Second, as an example for
the use of a sub-dataset from the ILPD, we investigate the flood events in Germany, occurred in 2002
and 2013 and examine breach characteristics of over a hundred failures in order to outline the most
common influence factors at an event-level. We also introduce two breach density parameters, which
are related to the expected amount of levee breaches and their width, intended to be used for the risk
assessment of levees. Finally, we highlight the operational obstacles and strategies to further improve
the ILPD and discuss the use of event-level analysis for risk assessments.
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Table 1. An overview of the example databases in the field of flood risk, dam and levee safety.

Field of Number of Failures a iy a1 .
Database/Reference Application Cases Included Data Type Accessibility Active (Y/N)
Peng and Zhang [9] Landslide dams 1044 cases Yes General information Open access No
Utah State University . General information with a particular focus on
database [13] Dam failures 174 cases Yes loss of life data for dam safety risk assessments Open access No
Flood Protection Flood protection gegsica::ii fZ: Detailed information on design and policy
Standards (FLOPROS) p gn ay No standards (not on the actual flood defences or Open access No
standards 68 cases for .
database [17] . their failures)
policy layer
Association of State 14 detailed case Detailed information such as photos, videos,
Dam Safety Officials Dam failures studies Yes general information and lesson learned, reports, Open access No
(ASDSO) database [12] failure mechanisms
United States Bureau of Dam failures General information with a particular focus on
Reclamation (USBR) focused on loss 60 cases Yes ap Open access Yes
. loss of life
database [14] of life
National Performance >10,000 cases General information including emergency plan,
of Dams Program Dam but few failure Yes population at risk, storage capacity, failure Open access Yes
(NPDP) database [5] cases mech., consequences, lessons learned
Dam Accident . General information, including some detailed Not publicly
Database [6] Dam failures 900 cases Yes data (hydrographs, reports, photos, etc.) available No
Dartmouth Flood Remote . General information including duration of the
sensing-based 4700 flooding . .
Observatory of Large Yes event, loss of life, damage, severity, effected Open access Yes
flood events .
Floods [16] . . area, magnitude of the flood, etc.
information
The International Disaster,
Disaster Database including >10,000 cases No Detailed information on the disaster related data Open access Yes
(EM-DAT) [15] flooding
Froehlich [7] Dam failures 43 Yes General information on the breach formation Not Rubhcly No
available
Foster et al. [10] Large dam 136 Yes General information Not Rubhcly No
failures available
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Field of Number of Failures a iy a1 .
Database/Reference Application Cases Included Data Type Accessibility Active (Y/N)
. o . Not publicly
Xu [8] Dam failures 1443 cases Yes Detailed information . No
available
Internal erosion General information, also including some Not publicl
ERINOH database [11] of dams and 120 failure cases Yes detailed data (hydrographs, breach info., aveI:ilable y No
levees reports, photos, maps, etc.)
Van Baars and van Levee failures 337 Yes General information Not Rubhcly No
Kempen [24] available
Italian Levee Database Levee Currently, a few . . Not publicly
(INLED) [19] information cases Yes General information available Yes
Danka [25] Levee failures 1004 cases Yes General information Open access No
Department of Water norgili'ir;r?rlljvee
Resources (DWR) levee . . 215 cases Yes General information Open access No
failures in
database [18] . .
California
National levee >10,000 cases Detaﬂec! 1nform'f1tlon on levee systg o
U.S. Army Corps of . . - evaluation and inspection, flood risk
information of (no separation Yes Open access Yes

Engineers database [20]

USA

for failures)

communication, flood plain management and
risk assessment

2 General information includes geometry, construction time, type, failure mechanisms, capacity, material, peak outflow rate, breach information and also qualitative information.
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2. Towards an International Levee Performance Database (ILPD)

2.1. Purpose of the ILPD

The main purpose of the ILPD is to provide a global platform for systematically collecting and
sharing data on levee performances to facilitate research. Particularly, ILPD promotes (a) learning
from what went wrong during past flood events to prevent floods from occurring in the future and
(b) learning about how to model failure processes and how failure mechanisms might be correlated.
By facilitating this, the database can also enable the systematic validation of models and the evaluation
of model accuracy. More specifically, the ILPD has been developed to provide collected datasets on:

e  Actual failures during extreme catastrophic events, such as levee failures in New Orleans, LA,
USA [21] and failures during the levee construction phase;

e Failures in small- and full-scale experiments, such as levee breach experiments in the
Netherlands [26];

e  General investigations on the performance of flood defence systems, for example, the case of New
Orleans [27] or of the coastal floods in France [28];

e  Detailed information on some earthen dam failures, as these show similarities with levee failures;

e Information on the consequences (e.g., damage, loss of life, flooded area, etc.) per extreme event.

2.2. The Design and the Structure

To allow for a wide range of data type and easy dissemination, the database is linked to a website
from which data can be downloaded freely (leveefailures.tudelft.nl). All information stored in the
ILPD is open access and sources are automatically provided along with the data upon downloading
from the database.

Some extreme events, like Hurricane Katrina in 2005 or the 1953 floods in the Netherlands, caused
multiple levee failures at different locations. To capture this, data is structured by events and failures,
each associated to a unique ID’s in the ILPD. One event can consist of several individual failures, each
containing specific data. The failure cases which are clustered in the same event are either caused by
the same hazard event or are part of the same experimental program. This way, data on each specific
levee failure adds to the understanding of the real failure processes, whereas information on the overall
consequences, such as total damage or loss of life, can be linked to events.

The ILPD has a three-level structure with increasing degree of detail. The first level (Level.1:
Metadata) provides general information on individual failure cases as well as on flood events in a
table-based format (exportable to .csv files), for example historical levee failures in Hungary provided
by [25]. This generic qualitative and numeric data may also include information on the consequences,
such as total damage, loss of life and flooded area. Level.l data mainly consists of information
on the levee (geometry, location, material, type, etc.), flow boundary conditions (return periods,
max. water level, peak flow discharge, etc.), breach (width, invert level, peak discharge, etc.), soil
properties, management organization, documentation (video, photo, etc.) and references. The second
level (Level.2: Intermediate) includes well-documented information on historical failures, such as
loading conditions and soil profiles and modelling results; or hindcasted information based on field
investigations of actual failures (e.g., New Orleans in 2005 [21,22]). The detailed information aims
to provide more insight into the physical processes and to facilitate rapid analysis of failures. Since
every dataset contains unique information, providing detailed data in a table-based format severely
limits the ease of analysis of different datasets simultaneously. Thus, a more structured format is
preferred in order to support rapid analysis of data from several detailed datasets (exportable into
JSON files). Lastly, the third category (Level.3: In-depth) contains detailed information on failure
processes including time-dependent data on the hydrodynamic loading conditions and geotechnical
information. These dataset (exportable to .pdf/.csv files) mostly consist of experimental data, such as
those provided by [29].
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A screenshot of the opening page of the website is provided in Figure 1. The interactive map
allows for navigation to all available failure cases. Each marker on the map represents the location
of a failure case. Underneath, the cases pictured on the map are listed. When the case of interest is
selected, basic information of the failure is presented and the media (if present) can be viewed. After
selecting one or more cases, a click on the button ‘Export selection” gives a pop-up window in which
the type of data to be downloaded can be chosen. On the left side of the map, several filter criteria
can be set. The database can be filtered based on time span, country, case study type, defence type or
failure mechanism. Moreover, more filter criteria are available using the “‘Add filter criterion” feature
and a combination of different filter criteria can be made as well.

International Levee Performance Database

892 results found in ILPD

67

x .
+Adda fiter criterium ® 3

Figure 1. A screenshot of the opening page of the ILPD (leveefailures.tudelft.nl).
2.3. Categorization of Levee Failure Mechanisms

Given that various terminologies exist for levee failure mechanisms and other related parameters,
a challenge in setting up an international database is to establish a list of uniform, globally acknowledged
definitions. Flood defences are hydraulic structures whose primary objective is to provide flood
protection along the coasts, rivers, lakes and other waterways [30]. A levee (also referred to dike or
embankment) is a water retaining structure consisting of soil (fully or partly) with a sufficient elevation
and strength to be able to retain the water under extreme circumstances [31]. A typical levee cross
section is given in Figure 2. Earthen levees, which form a large part of the existing flood defence
systems, can be constructed with (a) homogeneous soil (homogeneous earthfill), (b) several soil types
(layered structure) or (c) a hard structure (levee structure combination), such as a levee with a floodwall.
Examples of other types of flood defence systems are dams, dunes, storm surge barriers or temporary
flood defences.

.........................................

waterside : ! crest width! : landside :

waterside slope landside slope

Jands. slope above berm

--------------------- »landside berm level
lands. slope below berm
---*landside toe level

levee core

: H élandsideé
i waterside ! berm width
" berm width

waterside toe level «----, -

waters. slope below berr

levee base

Figure 2. General levee cross section, showing the main elements of a levee included in the ILPD.
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Levees can fail when their ultimate limit state is exceeded causing them no longer to fulfil their
water retaining function [32]. The most commonly encountered levee failure mechanisms and their
most common contributing factors are given in Figure 3 [31]. Hydraulic failures occur due to insufficient
height, whereas insufficient strength leads to geotechnical failures [33]. Breaching of a levee refers to
the loss of integrity or a major geometric change [32,34]. However, occurrence of a failure mechanism
does not necessarily lead to a breach. For example, significant amount of overflow may cause severe
floods without leading to a breach in the structure. Moreover, since the occurrence of the initial failure
mechanism might trigger other mechanisms [33], a sequence of multiple failure mechanisms can be
observed on the levee. For example, failures may be initiated with overtopping, followed by external
erosion that causes a breach at the latter stage (Figure 3). All identified failure mechanisms are entered
in the database in a chronological order.

Hydraulic Failure Geotechnical
Failures Failures
| —
| |
| Overflow | | Overtopping | External Erosion Internal Erosion |«  Instability < Others
[ 2 4 b
Erosion of - Piping Micro-instability Earthquake,
waterside slope giAe., bac?(ward drifting ice,
int. erosion) Slope-instability collision, etc.
Erosion of
landside slope waterside slope
Poor design Revetment fail _
Operational failures e e landside slope
Changes in the environment
Settlement
Hydrodynamic
forces
Currents orees Horizontal sliding
Waves
Tides River Morphology Bank caving
Wind (e.g., lateral movement of the channel)
-
ooty vseaton fie fondngfnesing
Animal & human activity perties
Burrows Weather conditions T
(e.g., precipitation, temperature
duration, intensity)

Figure 3. An overview of most relevant levee failure mechanisms and their most common contributing
factors [9,31].

The most relevant levee failure mechanisms observed in the database are defined briefly here [35].

e  Overtopping and Overflow—Overflow occurs when still water level is higher than the crest level
of the levee. Whereas, overtopping is observed when still water level remains below the crest
level but waves run-up and pass the crest level.

e  External erosion—External erosion occurs when the slope of the levee is not sufficiently resistant
to the hydraulic loads, that is, when the shear stress induced by flows exceeds the critical value
associated with the nature of the materials of the levee [31]. Currents and waves are the main
aggravating factors of external erosion which can occur on the landside or waterside slope of the
levee. Overtopping/overflow of a levee can induce major damages linked to external erosion,
especially on the landside slope.

e Internal erosion—Internal erosion, which refers to a generic event, is initiated by hydrodynamic
forces acting on soil particles within a levee foundation which are carried downstream by seepage
flow [31]. In this process, migration of material particles induced by pore pressure and flow forms
channels within the foundation soils. These pipes undermine the structure of the levee and lead
to failure. Internal erosion related failure mechanisms consist of—concentrated leaks, backward
erosion, contact erosion and suffusion [36]. Backward erosion, known as piping, is typically most
relevant for levees. It occurs if uplift, seepage, heave and piping occur respectively. Seepage also
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increase the likelihood of instability because of changes to pore pressure distribution within the
levee. Uplift pressure in foundation soils can generate major instability.

e Slope instability (i.e., instability)—Instability occurs when the forces (i.e., excess pore pressure)
on a levee are higher than the shear resistance which is determined by the soil’s shear strength.
Landside slope instability occurs due to the infiltration of water into the levee body and its
foundation, leading to forcing of the levee body and decreasing shear strength of the soil. Whereas,
waterside slope instability occurs due to sudden drawdown of the outside water level after heavy
saturation of the levee body. In this situation, the pore pressures at the base of the potential slide
plane stay high, while the horizontal pressure or support from the river water is reduced.

e  Micro instability—Micro instability occurs when the seepage water causes the phreatic surface to
rise and reach the waterside slope of a levee. The term “micro-" is used to distinguish the stability
problems related to this phenomenon from the slope instability which essentially concern the
whole levee body directly.

e  Settlement—Settlement is a deformation mechanism in vertical direction that can mainly lead to
insufficient crest height to prevent failure mechanisms like overtopping/overflow.

e  Horizontal sliding—Similar to instability of the landside slope, sliding occurs along the base of
the levee body. In this case, the main driving force is the horizontal force of the water exerted on
the waterside slope. This mechanism is typically an issue for levees which are made of relatively
light material such as peat, where the effective stresses at the base are very low.

3. Macro-Scale Analysis of Levee Failures

3.1. General Database Statistics

A large number of failure cases are collected all around the world and their basic statistics are
reported in this section to provide an overview of the characteristics of the database. Currently (October
2019), the ILPD includes 1572 failure cases of which 1538 are the failures of flood defences occurred in
different time periods and 34 of them are full- and small-scale experiments collected from different
countries (Figure 4a). The available information mainly concerns the failures of levees (1418 cases) and
levee structure combinations (14 cases) occurred along rivers (89%), coasts (10%) and canals (1%) but
also of some earthen dams (106 cases) due to their similar composition to levees. The majority of the
levee failures before 1900s mostly occurred in the Carpathian Basin in Hungary, as reported by [25,37]
but these only contain generic information. The other cases reported in the ILPD, occurred in the last
100 years, are mostly from Germany, The Netherlands, USA, UK and Czech Republic (Figure 4b). It is
noted (and further discussed in Section 4) that the geographical and temporal distributions shown in
Figure 4 only represent the data currently included in the database.

Most failure entries in the database contain general information (Level.1: 1498 cases), such as
levee and breach characteristics. As an example, Figure 5 shows that the crest height of the failed
levees, which is defined as the differences between the toe level and the crest level, varies mostly
between 1-5 m, whereas the crest width is in the range of 2-5 m. The database also includes more
detailed information on the Level.2 (59 cases) and the Level.3 (14 cases) data.

Most of the events in the database are associated with single failures. However, 38% of the failures
occurred during events (65 in total) with more than one failure. Examples for the documented events
with the large number of breaches are in Germany (2002) with 111 failures, Netherlands (1953) with 97
failures and Czech Republic (1997) with 33 failures.
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Figure 4. Statistics on the failures (a) per country, (b) per time period entered in ILPD.
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Figure 5. Statistics of the levee information (a) crest height, (b) crest width (m) per number of cases.

Failure Mechanisms

Analysis of the identified failure mechanisms within the collected cases in the database (Figure 6a)
shows that more than half of the failures, of which their causes are known, occurred due to external
erosion (61.5%), internal erosion (16.8%), instability (14.2%), overflow/overtopping (2.5%). Besides,
the rest of the failures were due to other causes (4.7%), including man-made failures. It is noted that
excluding the Hungary dataset [25], which forms the majority of the database, does not significantly
affect this distribution (Figure 6a).

A comparison between observed failure mechanisms for levees and earthen dams (Figure 6b)
reveals that external erosion of the slope is more likely to occur in levees. This can be explained by the
fact that water level and discharge in rivers, as well as currents and waves in seas, are mostly affected
by meteorological and hydrological conditions which are more uncertain than for dams. Whereas,
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water levels in the reservoirs behind dams are generally more controlled. Moreover, the reason for a
more frequent occurrence of internal erosion in earthen dams is associated with the higher hydraulic
head differences due to the larger size of dams.

700 T T T T T T T T T
lonee = i ‘w -
600 - [ Other countries i [ levees
564 6ok |
500 [ 50l
7] 44.3%
8 @
84001 & 38.1%
8 o
P
G300t °
#* B
200
14.4% 14.7%
100 §
3.1% 2.6%
0 .
O N o <> Q- W (00 ay Q-
&° o0 o N o O e 2 ao®
(@ o & o ¢ & \0"6\ o &° o Wo®
() o «° o (b) o

Figure 6. Statistics on (a) the observed failure mechanisms in ILPD (b) a comparison between earthen
dams and levees for the most common failure mechanisms.

Levee breaching was observed for most of the failure cases that are entered in ILPD. Failures
that did not lead to a breach at the later stage were mostly due to overflow/overtopping (23 cases).
Information on the breach characteristics, given in Figure 7, shows that there is a considerable variation
in breach depth and width values. Previous studies on breach models reveal that, under certain
conditions, breach depth and width are correlated during some of the breach development stages [26,38].
However, breaching is a complex process that depends on many different factors (e.g., structure type,
loading conditions, soil characteristics, etc.), thus the relation between breach depth and width may
not always be explained by a simple relation model (Figure 7c).

# of cases
# of cases
H o

0 20 40 60 80 100 120 140 160 180 >200 0 2 4 6 8 10 12 14 16 18 >20
(a) breach width (m) (b) breach depth (m)
500 LE—— T e T
L]
L]
o e
400 . E
E
£300 . i
°
= °
e L]
§ 200 . . ° ° 1
5 ° .
100 '. ..o.o. °. o . 0. ° ° i
° o ®
o . .
10 15 20 25
(C) breach depth (m)

Figure 7. Statistics on (a) breach depth (450 cases), (b) breach width (785 cases) and (c) breach depth vs.
width for (402 cases, Pearson coefficient, r = 0.164).
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3.2. Investigation of the 2002 and 2013 Failures in the Elbe Region, Germany

Further analysis of data from the ILPD at the event-level can provide insights in identifying
(1) typical vulnerabilities and common failure mechanisms, (2) breach characteristics and (3) density
of breach occurrence. Although events and levee systems are diverse, this information can be used
to inform and improve (local) flood risk assessment. As an example, sub-dataset from the ILPD,
information has been analysed on the performance of river levees along the Elbe tributaries in Germany,
which flooded in 2002 and 2013 (Figure 8a). A general overview of the flood events is provided first,
followed by a macro-scale analysis of the failures and the associated breaches.

3.2.1. Overview of the 2002 and 2013 Flood Events

The database reports on 111 levee failures along the Mulde and the Elbe rivers observed during the
flooding event of August 2002, in Saxony and Saxony-Anhalt regions, Germany, as a result of extreme
meteorological conditions, followed by extreme discharges and water levels [39]. Floods occurred
mainly due to overflow/overtopping and breaching of levees at many locations. Return periods of
river discharges exceeded 500 years at some tributaries of the Elbe and the return period along the
Elbe and Mulde varied between 100-300 years [23,40]. Considering that the design return periods
for the flood defences in Germany is usually 100 years, the levees along the rivers were significantly
overloaded. Incomplete flood warnings, bad maintenance of flood defence structures and a lack of
awareness were recognized as the weaknesses of the flood risk management [41]. The total damage
was estimated around 11.6 billion euros which is the highest amount for a damage caused by a natural
hazard in Germany.

1207, 180,240 Km

Figure 8. (a) Investigated rivers along the Elbe tributaries in Germany, which flooded in 2002 and 2013,
(b) Fischbeck, 2013 (source: [42]), (c) Breitenhagen, 2013 (source: [43]).

Eleven years later, in June 2013, another big flood hit large parts of the same regions in Germany
where multiple levee failures occurred. ILPD includes data from 17 cases of levee failures occurred in
Saxony—-Anhalt during this event (Figure 8a). Return periods of discharges were estimated between
50-500 years depending on the location. In this flooding event, the most seen failure mechanism
was instability. Contrary to 2002, water levels in 2013 were mostly close to the crests of the levees,
hence only few overflow/overtopping cases have been observed. Due to the high peak discharge,
two catastrophic levee failures occurred in the central part of the Elbe River, namely Breitenhagen
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and Fischbeck (Figure 8b,c). The first failure near Breitenhagen occurred due to instability of the
landside slope which later resulted in a 150 m wide breach and inundated an area of 80 km? [44].
Simultaneously, the second failure near Fischbeck initiated with large cracks followed by settlement of
the landside slope, resulting in a 100 m wide breach within hours. The main failure type is recorded as
instability induced by internal erosion.

Although both the 2002 and 2013 events were large scale floods with severe consequences in
history, the main differences between the two were as follows. In June 2013, heavy precipitation (total
170.5 mm within 24 h) in combination with high soil moisture levels, which in nearly 40% of Germany
were at the highest levels since 1962 [45,46], resulted in levee breaches and flooding mainly in the
central Elbe, Mulde and Saale catchments. Instead in 2002, extraordinary precipitation (record breaking
rainfall of total 312 mm within 24 h) was the main driven mechanism [41]. Although hydrological
conditions and flood levels were more severe compared to the 2002 event, the cost of damage in
2013 was much lower (6-8 billion euros) and fewer levee failures occurred. This was most likely the
result of more effective flood management after the 2002 event, in particular more effective disaster
management and improvements in maintenance of flood defences [41].

3.2.2. Analysis of the Failures

After these events, data was collected on levee failure cases, including location, geometry,
levee structure, subsoil structure, vegetation, breach geometry and failure time. According to
post-investigations [23,47], different degrees of damage have been observed on the levees. Based
on the change in levee cross section, the breaches occurred in 2002 and 2013 are classified into three
groups (Figure 9) as (a) partial failure (10%), where the breach depth was less than the crest height;
(b) total failure (26%), when the crest was completely washed away; and (c) total failure with scour
(41%), when, in addition to the crest, the soil beneath the toe level was also eroded. In most of the
cases, the causes of levee failures were attributed to a combination of loads and local conditions (e.g.,
old breaches, tree roots, poor maintenance) [23].

’_/\-F/_ »

BN o breach
Partial failure

Total failure

26% Total failurew /scour

i, } W Breach butno info. available

Figure 9. Damage degrees of the failed levees in Elbe region, Germany, 2002 and 2013 (adapted
from [23]).

An overview of the main failure mechanisms is given in Table 2. In 2002, there were more external
erosion due to the overtopping/overflow cases, whereas in 2013, internal erosion and instability of the
landside slope were the most common failure mechanisms.
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Table 2. Overview of the main failure mechanisms for the 2002 and 2013 events.

Number of C
Main Failure Mechanisms umber of L-ases

2002 Event 2013 Event Total
External Erosion 59 (53.2%) 5 (29.4%) 64 (50%)
Instability 26 (23.4%) 6 (35.3%) 32 (25%)
Internal Erosion 14 (12.6%) 5 (29.4%) 19 (14.8%)
Overflow/Overtopping 9 (8.1%) 1(5.9%) 10 (7.8%)
Unknown 3 (2.7%) 0 (0%) 3 (2.4%)
Total 111 17 128

During the progress of these failures, multiple failure mechanisms were observed. In Figure 10,
the occurrences of the different main failure mechanisms are associated with the initial mechanisms
that have triggered them. Failure initiation mechanisms were mostly overtopping which was later
followed by external erosion (58 cases), instability (21 cases) and internal erosion (7 cases). At some
locations, overflow/overtopping (10 cases) occurred but did not lead to a levee breach. For example,
four different levee breaches during the 2002 event have initiated with an instability of the landside
slope which slipped away partially and the remaining part continued to be eroded gradually by
overflowing water (external erosion).
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Figure 10. Initial and main failure mechanisms of the failed levees in the Elbe region, Germany, occurred
in 2002 and 2013.

3.3. Levee Breach Analysis

Although various breach prediction models have been developed empirically [48-50] and
physically [51-53], there is still limited insight in the characteristics of breaches during real events.
In this section, it is demonstrated for the Elbe case how information from the ILPD can be used to
analyse breach dimensions, including the relationship with the failure mechanisms. Another important
knowledge gap concerns the number of breaches and their width (i.e., breach density) which can be
expected during flood events.
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3.3.1. Analysis of the Failures

Data collected on the 128 levee failures that occurred during these two flooding events have
been used to analyse the breach parameters. Table 3 shows the total breach width and the average
breach width per failure for each damage type, classified according to Figure 9. If the damage to the
crest increases (from partial failure to total failure with scour), the average breach width per failure
becomes also larger. Although width and depth of levee breaches are not necessarily linearly correlated
(Figure 7c), this analysis shows that when the breach is deep, then it is more likely to be wide as well.
This is also in line with some breach growth models (e.g., [26]) which predict a lateral and vertical
erosion in the later stages of the breaching process.

Table 3. Breach width analysis per damage type, Germany 2002 and 2013.

Damage Type Num. of Cases Total Breach Width ~ Avg. Breach Width per Failure
Partial Failure 14 466 m 33 m
Total Failure 33 1740 m 53 m
Total Failure w/scour 52 3901 m 75m

In order to further analyse the breach characteristics of the failures, the relation between breach
parameters and failure mechanisms is assessed. First, the ratios between breach depth and crest
level (i.e., relative breach depth) are compared with the breach width per main failure mechanisms
(Figure 11a). It can be observed that, by normalizing the breach depth (as breach depth/crest level),
the breach width is also larger for the failures with total scour. Moreover, the main failure mechanisms
of most of the large breaches are observed as instability or internal erosion. Second, a comparison
between breach surface (as breach depth X breach width) and geometry of the levees (i.e., cross section
area) is given in Figure 11b per failure mechanisms. The levee surface could affect the breaching in
different ways. A larger levee is associated with a larger hydraulic head (more forcing) but would
also require more erosion during breaching (more resistance). Figure 11b shows that levees with
large cross sections tend to have larger breach surfaces. Furthermore, the failures with large breaches
(>500 m?) are due to instability, with only a few failures caused by internal erosion. Variations in
breach surface for similar levee geometry might be explained by the differences in hydraulic head
conditions. Moreover, recent studies show that even if the hydraulic load is the same, the duration of
the load is also an important parameter in development of breach surfaces [54].

B instability ¢ internal erosion external erosion B instability ¢ internal erosion external erosion
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Figure 11. Relation between (a) relative breach depth and breach width per failure mechanism;
(b) breach surface and geometry of the levees per failure mechanism.

The understanding of failure patterns could be further deepened by checking how the failure
initiated. Thus, the following analysis of the levee failures considers both their initial and main
mechanisms. In Figure 12, the total and average breach width per failure mechanisms are compared.
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For instance, it can be seen that, if an external erosion case is initiated by instability, it is more
likely to have a wider breach per failure than for an external erosion case that is triggered by
overflow/overtopping. This can be explained as follows. When an instability occurs, most of the times
a relatively large part of the crest is pushed away by internal forces with the following sequence of
external erosion making the damage larger. Whereas, if the failure starts with overflow/overtopping
which by time erodes the crest externally (external erosion), the levee is most likely to have smaller
damages compared to the previous case. Another interesting observation is that some types of failure
occur more often (e.g., external erosion triggered by overflow/overtopping) but with a relatively smaller
average breach width per failure (i.e., smaller damage).

It is also noticed in Figure 12 that when an instability failure mechanism is initiated by
internal erosion (e.g., piping), it is more likely to have wider breaches, whereas if it is initiated
by overflow/overtopping, the size of the breach is smaller than the previous case but still larger than an
instability failure without any initial mechanism. Figure 13 gives a schematization of these three cases.
This trend can be explained by the fact that internal erosion, occurring directly in the subsoil, creates
an extra hydraulic pressure below the crest. By time, the piping disconnects the upper part of the levee
from its foundation, undermining the stability of a large section of the levee. In general, this analysis
shows that the underlying failure mechanisms are of importance in the breach development.

2499

2500 * -200

~2000

1500

total breach width (m
breach width/failure (m)

Figure 12. Breach width analysis per failure mechanism occurred during the flooding event in Germany,
2002 and 2013.
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Figure 13. A schematization of an instability failure with three possible initiation mechanisms.

3.3.2. Breach Density Analysis

One of the important aspects to consider in flood risk assessments is the levee breach density,
which is related to the expected amount of levee breaches and their width. Risk assessments often
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assume that a breach can occur at random locations and often focus on a single breach and/or consider
multiple breaches less likely [55]. However, actual flood events often comprise of multiple failures and
breaches. Thus, it would be beneficial to estimate the expected breach density in order to complement
the risk assessment of levees. Previously, a study [56] had addressed the distance between breaches as
a function of overtopping rate for the two coastal levees failed during the events of New Orleans 2005
and Denmark 1976. However, related analyses have not been performed for river flood events yet.

In order to analyse the breach density, we first define two parameters, namely Failure intensity
(km™1) and Breach width ratio (-), given in Equations (1) and (2) below,

Failure intensity = #of failures /river length 1)

Breach width ratio = total breach width /yiver length * 100 2)

where total breach width and river length are expressed in km. Failure intensity represents the
occurrence of failure cases along the investigated river normalized by its length, whereas the breach
width ratio corresponds to the ratio (in percentage) between the sum of all registered breach widths
and the river length.

We analyse these parameters and compare with the return periods of discharge per each river for
three flood events with multiple failures occurred in Germany in 2002 and 2013 (discussed previously)
and also in Czech Republic in 1997, which are all stored in ILPD. The Czech event, also known in
history as “The Great Flood of 1997”, mainly affected the Oder and Morava basins with multiple levee
failures, of which 27 have been recorded in the ILPD. For both countries the river levees were supposed
to be designed for events with return periods of 100 years [57].

The calculated parameters for the 1997 and 2002 events range between 0.02 and 0.68 km™! for
the failure intensity and between 0.08% and 4.5% for the breach width ratio, as shown in Figure 14.
For the 2013 event, the values of the calculated breach width ratio (between 0.1%-0.4%) and failure
intensity (between 0.03-0.1 km~1!) are smaller than for the 2002 event, which can be explained by the
strengthening of the levees after 2002, as explained in Section 3.2. However, although the conditions
during the 2013 event was more severe, return periods found in the literature were either assessed
with smaller values than for the 2002 event [58] or defined too general, that is “>100 years” [59,60].
Thus, the values for the 2013 event were not included in the rest of the analysis.
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Figure 14. (a) Failure intensity (km™1) and (b) Breach width ratio (-) along the rivers investigated
during Germany, 2002 and Czech Republic, 1997 events.

Considering the events of Germany 2002 and Czech Republic, it is noticed that when the return
period (T) increases, the failure intensity and the breach width ratio also increase. For the seven rivers
considered, a non-linear regression analysis using an exponential fitting function has been performed
on the available data for both breach density parameters (trust-region optimization algorithm available
in the MATLAB fit function). The resulting functional relations and the corresponding R? values
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are given in Table 4. For instance, considering a river stretch of 50 km with a 125-year event, one
would expect approximately five failures with a total width of 300 m according to these relations.
Whereas, a 250-year event would lead to 22 failures with a total width of 1700 m for the same stretch.
The functional relations given below are obtained from a limited amount of data. If more information
regarding cases from different events will become available in the future, it can be used to validate the
relations found and to refine the analysis.

Table 4. Regression functions and R?-values for the breach density parameters and return periods.

Breach Density Parameter Regression Function R? Values
Failure intensity (km™1) Failure intensity = 0.004 X e(0.02 % T) 0.921
Breach width ratio (-) Breach width ratio = 0.0172 x ¢(0:022xT) 0.938

For the same events investigated above, we also explore the occurrences of different failure
mechanisms and the degree of damage for different return periods (Figure 15a). In general, the total
number of failures increases with the change in the return period. However, as it is given the Figure,
external erosion is more likely to occur for high return periods. This can be explained by the fact
that a high return period is related to high water levels and river discharges, which in turn leads to
overtopping/overflow followed by an external erosion. Moreover, it is shown in Figure 15b that higher
return periods lead to larger degrees of damage on the levees.
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Figure 15. Distribution of (a) failure mechanisms and (b) degree of damage for different return periods
(T) along the rivers investigated during Germany, 2002 and Czech Republic, 1997 events.

4. Discussion

4.1. ILPD

The ILPD is expected to become a global platform and scientific tool for various purposes, such as
to advance the understanding of failure mechanisms and breaching of flood defences and to improve
model development and validation. The first available version of the ILPD presented in this paper
provides good coverage of some regions, for example, the Netherlands for the 20th century and it
is already being used to support detailed studies, such as (1) geotechnical analysis of individual
failures [44] and (2) detailed breach analysis [61]. In all other cases with only generic data, entries could
still serve as a starting point for researchers to collect more detailed information. It is foreseen that the
future expansion of the database will further offer valuable information to the scientific community
as well as to the public and private sectors. More extensive datasets will give new insights into the
field of flood risk and will stimulate the development and validation of more accurate techniques and
modelling tools. This could eventually contribute to improving design methods of flood defences and
to supporting risk assessments related to levee safety.
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However, some operational obstacles must be overcome in order for the ILPD to become broadly
applicable and representative. One of the main obstacles that we encountered is the issue of data
sharing. It is believed that most of the detailed information is kept as an internal source since making
the data public is a sensitive matter in many cases. A possible reason is that levee authorities and
governments in many countries prefer not to advertise events whereby their levees failed. For instance,
countries with few reported failure cases (e.g., China, Italy) in Figure 4 are not necessarily safer than the
others (e.g., the Netherlands or Hungary) since many failures are known through media or registered
information (e.g., EU documentation). This in fact highlights the importance of being transparent
about data sharing and collaborations.

Another difficulty that arises while obtaining data is the language barrier. Across the world,
detailed reports of flood events are obviously written in the official language of the country (e.g.,
Japanese). Especially when it concerns large quantities of data, extracting information from these
reports for the ILPD becomes challenging. A way to potentially counteract this issue would be,
for example, to request experts of international committees (e.g., ICOLD) to enter data related to
their country into the database. However, this poses a new challenge, namely a higher demand on
maintaining the database and providing support. Although there are some standard and ILPD-specific
definitions for failure mechanisms and other parameters, people tend to use their own terminology,
thus generating inconsistencies between cases. This is the reason why only the project members are
currently allowed to enter data in the website. Thus, improving the ILPD towards a global, uniform
database would require very systematic and intense data collection, also with the involvement and
commitment of local stakeholders and levee managers.

4.2. Using Event-Level Analysis for Risk Assessments

Even though flood events and defence systems have specific characteristics and conditions,
insights from the macro-scale analysis of the historical failures can be used to complement the (local)
flood risk assessments. Firstly, the analysis of actual events could serve as calibration or reference for
risk evaluations by highlighting dominant failure mechanisms and breach characteristics. For instance,
as concluded in this study for the Elbe region, although some mechanisms occur more often, the damage
that they cause on the levee can be less compared to the ones that has less occurrence. Likewise, it has
been shown that it is important to consider not only the final failure mechanism that cause a breach
but also the underlying processes that initiate the failure. These observations can be used by the local
authorities as a starting point in assessing specific situations.

Another point is that current risk assessments generally tend to pay limited attention to failure
scenarios with multiple breaches [55]. It is normally assumed in river levees that the occurrence of
one breach reduces the expected likelihood of other breaches, as the inflow through the breach limits
water levels downstream (i.e., retention effect). However, observations from the river floods studied
here show that multiple breaches do occur during actual river floods, particularly when the system
is overloaded by “design floods”. Thus, the observed breach densities and their identified relation
with the return periods could be used, for instance in combination with fragility curves, to make more
informed (simplified) risk assessments. Although in this study a general overview on the breach
density parameters has been given, further research on this topic is recommended. A probabilistic
analysis could be included by updating the failure probabilities at the failure locations based on the
local information affecting the strength of the levee, such as vegetation type, old breaches, changes in
soil profile.

5. Conclusions

In this paper, we introduced the International Levee Performance Database (ILPD), aiming to
create a global information-sharing platform to facilitate research on levee performances. Besides,
we conducted a macro-scale analysis of the currently available data. We outline common failure
mechanisms of which external erosion of the slope is identified as the most frequent for levees and
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internal erosion for earthen dams. As an illustrative use of an ILPD sub-set, we examined breach
characteristics of over a hundred failures during the flood events occurred in Germany (2002, 2013).
Based on this analysis, we identified potential linkages between initial failure mechanisms, main
failure mechanisms and the eventual breach characteristics. For instance, it is concluded that initial
failure mechanisms play an important role in defining breach characteristics and that failures due to
instability and internal erosion are less frequent but lead to a larger breach size. Based on events with
multiple failures included in the database, we also identified a relation between the return period and
the expected breach density during a flood event. Such relation can be improved and validated on
cases from different events that will become available in the future.

The ILPD currently contains over 1500 entries covering historical failures, experiments and other
performance observations. Even though we focused on the analysis of data at an event-level, ILPD
sub-datasets can be used for more detailed analyses of individual failure processes, for instance,
to investigate how occurrence of failure mechanisms is related to levee and loading characteristics or to
analyse breach properties in more detail. Further research can also focus on combining information on
levee failures from ILPD with information on historical flood levels and floodplain development [62].
Thus, the aim of the database for the future is to provide extensive and high-quality datasets to
support the development and validation of accurate methods and models for failure mechanisms
and breaching of flood defences. This is currently only restricted by the limited amount of data
shared in the database, which is why a joint effort of the international scientific community, private
companies and governments is required to make the ILPD complete and representative. The insights
provided by the analysis of the historical flood events contained in the ILPD, in combination with
hydraulic/geotechnical models, could eventually be used to complement risk assessments and to
design more robust and resilient flood defences, with a smaller likelihood of catastrophic breaching.
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