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Abstract

Historical and recent flood events demonstrated that, very often disastrous
floods occurred due to the breaching of dams, dikes and levees resulting from

the overflow induced by extreme weather conditions.

The breaching process of flood defence embankme@nerally gradual and
comprises a series of tinteependent mechanisms that may lead to the final
catastrophic failure, when a gap or a proper channel develops across the

embankment allowing the inundation of the protected areas.

The assessment of tiperformance of these getructures during extreme
weather events is, therefore, essential for flood risk management and

mitigation.

In the last decades, the understanding of breaching processes improved
consistently thanks to an extraordinary researartetfaboratory and Hsitu

tests provided an idepth description of the fundamental physical
mechanisms leading to breach initiation and growth.

In many instances, the final aim of these experimental investigation was the
development of breaching modedble to predict modes and times of
embankment failures during overflow.

Despite the latest achievements, there is a general agreement that the
prediction power of the numerical models currently available is still
unsatisfactory such that the applicatinrengineering practice is so far very

limited.

In this work, a suctioni based breaching model for flood defence
embankment subjected to overflow waeveloped, starting from the
observation that at the onset of overflow the soil constituting the emleakm

is usually in a partially saturated state.

Based on this fundamental statement a new conceptual framework to interpret

the different macrerosion failure mechanisms is presented. For the first



time, the focus is moved from soil erodibility and hygnoamic forces on
the coupled soil mechanics and hydraulic phenomena that can have a

significant impact on breach formation during overflow.

The conceptual model is implemented adopting traditional finite element
methods available to study typical soil maclts problems.

Ultimately, a qualitative validation conducted agaifisid experiments
shows that the suctidmased breaching model is a promising predictive tool
capable of mimicking the larggcale erosion processes like misiopes
failures evolving uth time.
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Chapter 1. Introduction

Earthen embankments are the most traditional and widespread infrastructure adopted
to retain water, with the main functions of flood defence and control, irrigation,
hydropower, and water supply. As such, these structures contributed significantly to
the ®cio-economic development and prosperity of ancient and modern populations.

Nowadays, earthen embankments comprising dikes and levees are the primary
asset of flood defence systems, with several hundreds of thousands of kilometres built
along rivers andaastal lines all over the world. Flood defence embankments act as a
barrier preventing the water flow towards the protected lands. However, the long list
of historical and recent flood events has demonstrated the high vulnerability of this
form of protecton where the failure of earthen structures caused dramatic losses of
lives, economienvironmental damages and disruptions to infrastructures and
buildings. The impact of floods becomes much more catastrophic because of the
breach of flood defence embankm® Therefore, the assessment of the performance
of these geotechnical structures during extreme weather events is essential for flood
risk management and mitigation.

The points of weakness of flood defence embankments and earthen dams are
various and aa be identified with their inherent heterogeneity (i.e.
geometries/configurations/forms, filling materials, types of loads, riverine, estuarine
or costal environments, etc.) and erodible nature. Flood defence embankments are
often ancient structures, buthroughout centuries without precise design standards
and construction criteria. Very often they have been subjected to a complicated series
of historic events that might have required rebuilding, repairing, increasing the crest
levels using different seaes of material without necessarily matching the original
conception of the structure. Traditionally, earthen embankments have been built with
low-cost and locally won soils mainly consisting of fluvial deposits from historical
floodplain excavated fromitthes close to the embankment location or materials
retrieved from river sediments. Therefore, most of these structures were built with fine

silts and clayey materials rich in organic content. Sometimes a berm consisting of
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cobbles and boulders was formedfront of the embankment toe to improve the
erosion resistance in this zone. In many cases, the crest was raised with soils dredged
from riverbeds. It is also important to mention that, in contrast with the most recent
construction techniques aiming tproduce an engineered fill through heavy
compaction of soils laid in layers, old embankments have been built without these
modern standard specifications. This implies that the heterogeneous superficial
deposits used as source of filling materials alsostitute the embankment
foundations, governing groundwater flow, settlements and stability. In many cases no
treatments were performed to improve mechanical properties. Consequently, flood
defence embankments can be highly variable structures which temedleict the
geological history, the environmental characteristics and the traditional construction
techniques of the specific location in which they were raised.

Another key aspect to be considered is that flood defence embankments
deteriorate over time ainly due to: (1) vegetation and tree roots responsible for the
formation of macreporosities; (2) animal activities resulting in burrows and holes; (3)
desiccation cracks and fissures resulting from dry and wet cycles; (4) surface erosion
and (5) human vadalism. All these factors can undermine the functionality of the
structure and can contribute to poor performance particularly during extreme weather
events.

Flood risk is rising worldwideas acknowledged by Governments, Operating
Authorities, and sciefitc community, and perceived by the public. Heavy rainfalls
and extreme storms are becoming more severe and more frequent due to climate
change. Also, many climate change scenarios show that this trend is expected to
worsen in the near future. On the athand, the changes of rains patterns, dry and wet
cycles can significantly impact the state and condition of the material constituting the
embankments (i.e. desiccation cracks). The situation is further aggravated by the
growth of the population and exsége urbanisation of floodplains. As a result, flood
events are increasing in magnitude, frequency and destructive potential.

Due the key role played by earthen embankments in mitigating flood risk, one
of the main urgencies is the improvement of therant level of knowledge and

understanding of the behaviour of flood defence embankments undéoqute
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conditions and during extreme hydraulic loads. On one hand, this is key to the
management, maintenance and remedial works of existing structured, asfaethe

design requirements and construction techniques of new ones. On the other hand, this
analysis is fundamental to develop tools and methods for predicting modes and times
of failure for early warning systems and risk planning. This is the pyioigective of
breaching models.

1.1 Problem Definition and Research Questions

Flood defence embankments can fail due to different causes and mechanisms.
However, the analysis of historical events, case studies and experimental investigation
hashighlighted that breaching induced by overtopping/overflow is the most common
type of failure.

Overflow occurs when the water levels exceed the structure capacity and water
flows along the embankment downstream slope inundating the protected areas. This
situation triggers a series of tintependent processes associated with the water
overflowing. The resulting progressive removal of the embankment materials can lead
to the formation of a gap which divides the structures in two distinctive segments and
allows the uncontrolled passage of the flood water. This condition otherwise known as
breach constitutes the final catastrophic failure.

Understanding these processes with the aim of breach prediction via numerical
simulations requires the study of the mukiphteractions between the structure, the
water overflow and inflow, the response of the soil constituting the embankment and
its foundation. In this context, a multidisciplinary approach must be adopted involving
theories and methods of hydrology, hydrauhydrodynamic and soil mechanics.

In the last decades many research programmes and task committees have
contributed to provide a description of the fundamental physical mechanisms leading
to breach initiation and growth. The current interpretatiorh@ breaching due to
overflow is an external erosion problem driven by hydrodynamic shear forces
developed at the watspil interface. Erosion starts when shear forces, which are

proportional to the increasing water velocities along the downstream shapd a
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characteristic soil resistance. Erosion then proceeds at a certain rate depending on the
erodibility properties of the embankment material. This concept has been
mathematically described by a linear constitutive law for erosion comprising two soil
erodibility parameters, that are the critical shear stress and the erodibility coefficient.
The need of determining the erosion resistance of soils has driven the development of
an increasing number of experimental devices (EFA, HET, HET, RETA, etcchwhi
differ essentially for the flow conditions imposed to the soil sample (i.e. submerged
vertical jet, rotating flow, flow parallel to the surface) and for the interpretation
methods. However, currently, significant advancements in the field of soil etests

are still missing such that it is difficult to find laboratories that can perform the most
common erosion tests mentioned. The difficulties in finding a satisfactory test setup
have been experienced directly by the author of this work when dedtimg@ piston

style device (i.e. Erosion Function Apparatus) and Jet Erosion Test (i.e. JET). This
direct experience pointed out the need of sophisticated systems of measurement like
particle image velocimetry (i.e. PIV) to characterise turbulent waterdlod the need

of a robust interpretative framework of the measurements undertaken. Most of the time
the combinations of these requirements can beeaotmomical and impractical,
resulting in more approximate and less reliable solutions.

Experimental canpaigns on field test embankments and more often at laboratory
scale, have been reported in the literature. The most important outcome has been that
failures are very sensitive to the material forming the embankment. Progressive
surface erosion and heading are the two main macerosion mechanisms
characterising breaching failure of coaggained and fingrained embankments
respectively. These two modes of failure present significant differences especially at
the beginning of overflow. Progressigaiface erosion is a quick process where the
crest and the downstream slope are rapidly eroded-tgyyer. Headcut erosion
takes place through the formation of overfalls starting from the downstream toe that
tend to merge in larger steps while migratimghwards to the crest. Headcut erosion
is typically much slower than progressiserface erosion. These two mechanisms
dictate the timing of breach initiation and progression. Hence, in the context of breach

modelling, it is essential to understand wheowhand why headcut or progressive
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surface erosion are expected.

For many years, research efforts have focussed on erodibility properties of soils,
under the assumption that headcutting takes place irgfaieed soils because these
materials are more esmnresistant than coarggained materials. Because of this,
fine-grained soils can sustain the formation of headcuts. However, many experimental
investigations have revealed very complex dynamics, combining surface ancbhead
mechanisms within the sanbreaching process. These observations suggest that such
a schematic distinction between maerosion behaviours based on material
erodibility categories tend to ovsmmplify the reality and that multiple factors may
play a critical role.

Furthermoreit is important noticing that the description of soil erodibility through
erosion law and erodibility parameters, widely accepted in the research community, is
still far from being satisfactory. At present, both theoretical framework and
experimental proaures need to be improved to reduce the uncertainties and
contradictions highlighted in many comparative research works. To date, it is not
possible to identify a reliable predictive tool that can provide a consistent
characterisation of soil erodibilitgspecially for finegrained soils where it appears
that erodibility is influenced by physical, chemical, biological and mechanical
properties of soil, pore and erosive fluids. In addition, there is an increasing recognition
of the importance of climateelated processes, the-called subaerial erosion, which
have impacts on soil water content changes resulting in the softening and weathering
of the embankment materials with time. It is not possible to model hydraulic erosion
without considering these asp®cThese two processes are mutually dependent.

The fact that headcut formation can also occur in cegnaeed materials under
specific conditions indicate that the embankment state at the time of overflow must be
taken into account. For example, heatingtwas observed in one of the field tests
conducted as part of the IMPACT Project where the contingent climate conditions
induced the freezing of the gravelly soil constituting the test embankment. The
formation of headcut has been explained as the goesee of the enhanced erosion
resistance experienced by the frozen soil.

The overlapping erosion behaviours with a mix of headcut and surface erosion in



Chapter 1

coarsegrained geomaterials have also been observed in laboratory experiments. The
common aspect ohese investigations was the measurement of negativenaoee
pressures within the embankment body. This indicates, once again, that the state of the
material and particularly its degree of saturation and its evolution in time during water
overflow is anessential aspect of the embankment response to overflow.

These experiences have contributed to increase the awareness on the importance
of the material conditions and states prior to the flood event. However, these aspects
are almost always neglected oryopartially included in the most recent physically
based breach models. This is due to the inherent complexity of the phenomena to be
modelled but also to the relatively poor understanding of the mechanical and physical
processes behind the concept ofdddity at different scales. In this respect, it is not
surprising that, despite the great efforts and the large number of numerical
methodologies proposed in the past decades, currently there are very few examples of
reliable physically breaching modeldviost importantly, although the latest
achievement and continued improvements, the development of the predictive
capabilities of these models has progressed very slowly as confirmed by the fact that
there is a substantial lack of tools adopted in commgimearing practice. Although
physical features and different stages of progressiviace erosion and headcutting
have been extensively described with a satisfactory level of knowledge, there are still
many questions that need to be answered to genemat& generation of more robust
breaching models. Some of them constitute the core of this research study and are

summarised below:

Research Question #IVhy the breach onset occurs in such significantly
different modes (i.e. progressive surface erosion laatcutting) if the

same hydrodynamics loads are imposed at the begging of overflow?

Research Question #Do the hydrodynamic shear stresses exerted by the
water overflow represent the only possible triggering mechanism for soil

mobilisation or are therether factors that can play a relevant role?

Research Question #3What are the fundamental reasons behind the



Chapter 1

development of headcutting and/or progressiugace erosion?

Research Question #4Why headcut forms always in figeained

materials and veryarely in coarsegrained ones?

Research Question #5Is it possible to contextualise embankment
breaching due to overflow with an alternative approach to erosion models
and erodibility parameters?

Research Question #6:What if largescale erosion processeare
modelled like minslopes stability problems progressing with time?

Ultimately, the final objective of this work is to investigate the applicability of a
novel alternative numerical methodology for breach modelling that can provide full or

partial ansvers to the research questions identified.

1.2 Structure of this Thesis

The structure of this thesis reflects the approach adopted during the entire research
work and the progressive steps undertaken to develop the core idea of the suction
based breaching met The thesis is composed of five chapters and two appendices.
Each chapter has been thought to be staralimge and as such there are repetitions

of concepts, texts and figures for which the author apologises. The content of each

chapter is as follows:

Chapter 1 introduces the research work. The problem studied is briefly defined

focussing on the current scientific needs and research questions.

Chapter 2 summarises the knowledge gained during the literature review
covering the essential background elementsiisntork. An overview of the problem
of the embankment overflow is presented. The overflow is described by considering
both the hydraulic and hydrodynamic processes leading to the -+e@sion
mechanisms observed during embankment breaching failurese Hnesoutlined

through the most relevant investigation campaigns conducted in the last decades.
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Finally, an insight on the concepts and methods of soil erodibility is presented. The
aim of this chapter is twofold. On one hand it provides the theoretarakfvork and
the context of this research. On the other hand, it emphasises the gaps in-tife state

the-art and helps delineate the research questions introduced in Chapter 1.

Chapter 3 first introduces key observations reviewed from the literature
instrumental to the core idea that inspires the new conceptual model for breach onset
developed in this thesis. The various hydrechanical stages in which the
embankment soils are subjected during a typical extreme weather event are
gualitatively explored. Thetarting point of this analysis is the acknowledgement of
the unsaturated state of the soils constituting the embankment, as this is the most
frequent situation encountered in the real world and documented in various research
and technical reports. Theeibretical basis to study the embankment overflow in the
context of unsaturated soil mechanics is then presented. This is the first step to
introduce the role of suction as a possible alternative explanation of the observed
breaching mechanisms. To provid@roof of concept of the suctidrased breaching
model, the stability of an ideal homogeneous embankment subjected to a flood
induced overflow is analysed with a finite element model (FEM) according to the
strength reduction method. The effects of hydrzagic forces and soil shear strength
reduction on the onset of breaching are assessed by comparing the factor of safety with
regards to the embankment stability calculated with and without the application of the
hydraulic shear stresses along the downstretope. The hydrodynamics forces
developed at the interface wasail are derived in a separate model based on the finite
volume method (FVM) solution of the 3D Reynolds averaged Ndétiekes
equations. Research Questions #1, #2, #3, #4 are addri@ssedrch Question #2
dealing with the relative importance of the hydrodynamic forces is particularly

challenged and a conclusion is advanced.

Chapter 4 deals predominantly witthe Research Questions #5 and #6. The
typical structure of the physicallyasedbreaching models developed to date is first

introduced. Afterwards, the new sucfidiased breaching model is laid down. The



Chapter 1

failure criterion assumed has been formulated based on the concept of plastic and
failure points and geometrical requirements. @penally, this methodology has been

i mpl emented in Plaxis 2D accor-dtngtegyan
The algorithm-skehitredyytohen afsL ebgecen det ai |l ec
This chapter ends with the calibration and validatadnthe failure criterion by
benchmarking the failure surface derived from the proposed criterion with the failure
surfaces obtained within the framework of UpBewund Limit Analysis (using

LimitState) and resulting from the FEM Safety Calculation usirxiBI2D.

Chapter 5 presents the implementation of the sucti@sed breaching model and
its qualitative validation. Two ideal homogenous embankments are studied
considering the cases of fugeained and the coarggained materials respectively.
The mechaisms of progressiveurface erosion and headcutting are simulated
according to the suctiebased breaching model developed in this study. The numerical
results, in terms of embankment profiles and times of breaching failures are compared
with the processesbserved during the most important set of field tests conducted as

part of the European IMPACT project.

Appendix A outlines the background for the development of the computational

fluid dynamics model and the simulation with Open Foam conducted in Cl3apte

Appendix B describes the proof of concept of the suction based breaching model
applied to the case of the infinite slope adopting a simplified approach for the analysis

of the ground water flow.



Chapter 2. Background

Flood earthen embankments may fail due to overflow/overtopping, piping, internal
erosion, and foundation or structural instability. However, statistical analysis of
historical earthen embankment failures indicates that overflow/overtopping is the main
cau® of breaching.

Overflow occurs when the level of the water body (i.e. river, reservoir, sea)
exceeds the embankment crest and water flows towards the protected land with
increasing velocity due to the relatively steep slopes characterising the downstream
side of the embankment. Overflow is the result of the insufficient hydraulic capacity
of the defence structure that is typically observed during extreme fl@bdaget al,

2016) This scenario is becoming very frequent and is expected to be momsaad
critical in the near future due to climate change and continuous urbanisation of flood
prone areas. The former is responsible for the escalating number and severity of
extreme weather events while the latter accounts for the growing exposure toslamage
of lands, properties and human activities. In this context, flood defence systems aim to
reduce flood risk but the consequences induced by embankment breaching are much
more catastrophic than natural flod8léichelazzo, 2014)

Earthen embankment brdwieg is a timedependent failure mechanism associated
with the interactions between water overflow, soil constituting the embankment and
the structure itself. A series of physical processes can cause the formation of a hole or
gap in the embankment allovgrior the uncontrolled passage of flood water leading
to final failure. The breaching process encompasses any phases of failure, from breach
initiation and formation up to the condition in which the breach is fully developed,
cutting the embankment in twebstinctive segmentéMorris et al, 2009)

Factors like the type of structure and construction details, the hydraulic loading,
the nature and properties of the material constituting the embankment are all key
aspects affecting breach initiation and bregerogression. Understanding and
predicting breaching therefore require a multidisciplinary approach and the coupling

of the hydrodynamic analysis of water flow and flow patterns over the embankment
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with the study of soil response to various-saglter flov processes. In this respect, the
study of the fundamental physical mechanisms responsible for breaching onset is
essential to predict the overall failure process. However, little quantitative information
is currently available about breach initiatidohamedet al, 2002)and the vast
majority of breaching predictive models developed so far tend to neglect this aspect

assuming almost arbitrarily an initial breach location.
2.1 Hydraulics of Embankment Overflow

The current state of the art, based on analyfstase studies, laboratory andsitu

tests converge towards a common interpretation that identifies external erosion as the
primary triggering mechanism for the onset of breach due to overflow. It is generally
assumed that the water flowing along tlegvdstream slope generates hydraulic shear
stresses that induce the removal of soil particles once a critical soil resistance threshold
is exceeded. This is the reason why embankment breaching by overflow is often
referred to as overflow/overtopping erosiarthe literature.

A comprehensive overview of the mechanics of overflow erosion is provided by
Powledge et al. in two companion papéPowledge et al., 1989 I, I)Part |
summarises the most important research studies on embankment overflow abnducte
predominantly in the UK and the USA during the 80s; while Part Il presents theoretical
aspects of the hydraulics of water flow over embankment and a review of the different
behaviours observed during overflow.

The hydraulics of embankment overflow isdebed in the framework of the open
channel or fresurface flow theoriesvith reference to broadrested weirs. In analogy
with this configuration, three typical flow regimes characterise the hydraulics
processes of embankment overflow:

(1) subcriticalflow at the upstream edge of the embankment crest.

(2) transition between subcritical and supercritical flow through critical

condition between the middle crest and the downstream edge.

(3) supercritical flow along the downstream slope, with high fle@ecity due to

the steep slope and decrease of water depth.
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A hydraulic jump might develogt the downstream todye to the transition from
supercritical to subcritical flow induced by the change of slope (i.e. steep to horizontal
bed at the downstrearod and afterwards). The hydraulic jump is characterised by an
abrupt increase of the water level associated with surface rollers and large energy
dissipation(Chaudhry, 2008)

The formation and the characteristics of the hydraulic jump depend on the
downstream boundary conditions and particularly on the presence of tailwater and its
depth(Fritzi and Hager, 1998)t has to be considered thathen the overflow occurs
the flood defence embankment (i.e. like levees and dikes along rivers) actsas a sid
weir, typically used in channel to divert the flow laterally. In fact the river flows

parallel to the embankment as shawithe sketclbelow.

Leveée

River side|r| g0d Deflence Protected

Over fll ow

s
I

Ri ver Fl oW

Figure 2-1: Plan view of overflow for a river floedefence embankment aftdichelazzo
(Michelazzo, 2014)

In this configurationas observed by Borghei et @Borghei, Jalili and Ghodsian,
1999) a hydaulic jump will occur within the downstream slogehe critical profile
develops upstream and a subcritical flow (with depth greater than critical) is the
downstream condition. Therefore, the formation of the hydraulic jump is dictated by
the water dept at the downstream sid8ecause water is not flowing along the

protected land prior to the overflow, no tailwater is expeatattheincrease of water
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depth downstream will be gradual or with a weak undulating jutngracterised by
little energy dissipation. Typically this has been observed for Froud Number between
1 and 1.{Chaudhry, 2008)r'he longitudinal section of a side weirfigure2-2 shows

these two cases.

@Supercritical flow wit

””” T

y@/cr \//
Y2

b)Supercritical fl ow wit

flow and formation of

”””””” \\f*

Figure 2-2: Longitudinal section of a sideeir with no downstream flow (a) and with
transition from supercritical flow to subcritical flow witbrmation of hydraulic jump (b)
after Borghei et al(Borghei, Jalili and Ghodsian, 1999)

In addition, it is worth noticing thathe overflow develops over a rfited surface,
and thehydraulic jump is likely to bean unstable flow structurbecause of the
deformation of the channel bed under the hydraulic str¢sBekelazzo, 2014)
The three flow regimeat the crest and along the downstream slape,associated
with corresponding erosion zones based on the relative energy of tueitgath,
critical, and supecritical flow respectively as shown Figure2-3.

In erosion zone 1 (sutritical flow), the energy level and the energypelcare
small and consequently the hydraulic forces developed are low and typically not
sufficient to start the erosion process.

Erosion zone 2 corresponds to the transition from subcritical to supercritical flow
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through the critical condition. The enertpvel is unchanged while the energy slope
tends to increase, determining high hydraulic forces. However, these develop over a
limited length and therefore little erosion occurs.

In erosion zone 3, flow accelerates significantly due to the steep slajpsngd
large hydraulic shear stresses with a high erosive potential. When these forces exceed

the critical resistance of the material erosion processes are activated.

Erosiod zone Erosi o2 zoBeosi oB zone
Subcritical flow Critical Sup@ritical flow
Yer 4
A
Ri sen Levels \

Water Body \

Figure 2-3: Typical flow regimes during overflow of embankments and associated erosion
zones after Powledge et &5eorge R. Powledget al, 1989)

Erosion can occur at any point of the slope, depending on local discontinuities and
concentration of stresses, tugry often the starting point is the toe where the water
flow tends to dissipate its energy because ofribeeasing flow velocitiednitially a
small overfall and a scour hole have been commonly observed. Their enlargement is
directly related to the pe of material constituting the embankmdPwledge et al.
observed that overfalls are higher and more stable irgfia@ed soils than in coarse

grained geamaterials(George R. Powledget al,, 1989)
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2.2 Observed Breaching Mechanisms in Coars&rained

and Fine-Grained Embankments During Overflow

In the last decades, the role of the embankment materials in the process of breaching
has been widely investigated. Largeale physical testddahn, Hanson and Cook,
2000; G. J. Hanson, K. R. Cook and S. L. Britton, 2003; Vaskinn, L@voll and Hoeg,
2003; G J. Hanson, K. R. Cook and S. L. Hunt, 20@Bj] smalscale laboratory
models (Visser, 1998; Coleman, Andrews and Webby, 2002; Zhu, 2006; Morris,
Hassan and Vaskinn, 2007a; Schmocker and Hager, 200@t alp2014; Weiet al,

2016; Zhao, 2016; Betzet al, 2020) showed that two main characteristic macro
erosion behaviours differentiate breach initiation and growth in comeseed and
fine-grained embankments.

Coarsegrained fills tend to erode quickly according to a mechanism known as
progressive surface erosion, where soil is removed layer by layer as consequence of
tangential flow stresse$his mechanism has been obserf@dexampleby Coleman
et al. in a series of laboratory experimentsnducted in flumeon small scale
embankmentmodels (approximately 0.3m high and with a crest 0.065m wide)
constructed with medium and coarse saf@isieman, Andrews and Webby, 2002)

The longitudinal profiles of the breach channel centreline for medamd model

measured during the test is showrrigure 2-4.

04

— As constructed

——T2s

—=- 100 s

—&— 155%
o187

—= 260 s

—4+-302s

¥ (m)

Pivot point

Figure 2-4: Longitudinal profile along the breach channel centreline measured during
overflow experiments on sands embankm@uteman, Andews and Webby, 2002)
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The downstream embankment face flattens progressively by rotating around a
pivot-point usually located around the downstream (Geleman, Andrews and
Webby, 2002; Volz, 20130nce the breach channel is formed, lateral erosionrsc
through the failure of relatively large volume of material collapsing into the centre of

the channel and transported downstream.

A4

tt Breach Initiatio

. Breach For mat.i

"{:\"::.‘.'.'
Pivot Point Progressive Erosion

Figure 2-5: Typical breaching process of coargeained embankment byr§ace erosion
due to overflow

This initial phase is schematically represented by the embankment prafile t
Figure2-5 and it is commonly identified as breach initiation. When the erosion front
reaches the upstream edge, the embankment crest is exteasigalgpidlyeroded
leading to the breach formation gésat t. At this point the discharge rapidly increases,
the water flow becomes more turbulent end therefore more erosive, resulting in an
acceleration of the breach growth. The breach channel starts to flatten due to the slope
failure on the upstream slep As erosion continues the embankment section is
completely eroded towards the bed and the breach grows laterally. These phases are
described by the embankment profilesott, in Figure2-5.

It is worth specifying that breach initiation is defined by Waklahl, 1998)as
the time that spans from the first flow over the embankment initiating warning,
evacuation, or heightened awareness of embankraiumtef, to the breach formation
phase. The breach formation phase is the time that spans from the first lowering of the
upstream embankment crest to the point at which the upstream face is eroded to near

full depth of the embankment.
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The erosion process gft also affect the soil of the embankment foundation,
depending on the material properties.

A different mechanism has been observed by VisBased on experimental
studies on sand dika&4sserdescribs five stages of the breaching process of cearse
graned embankment: (1) steepening of the downstream slope up to the crest; (2)
upstream erosion resulting in a reduction of the crest width; (3) crest completely
eroded and therefore lowered; (4) critical flow condition established through the
breach which entinues to grow; (5) subcritical flow reached with continuous lateral
erosion at a lower rate than stage(Misser, 1998)

- -
// / :/ ;;/ ‘/ ./_7
/ /! /
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Figure 2-6: Different phases of breach formation in satiles observed by Viss@fisser,
1998)

17



Chapter 2

Stages (1) and (2) refers to breach initiatgtage (3) is the breach formation, and
stages (4) and (5) describe the breach transverse gravgtetch of these diffrent
stages is presented iRigure 2-6. The crossi section views, where the initial

steepening of the downstream slope is more clearly observeohs below.

seaside or riverside «4—— — landside

f= g =1, =1 =1,

Figure 2-7: Crossi sections for Stage (1), (2) and (3) when the length ofitenstream
slope L is within the limits of the adaptation length of the floantl the adaptation length
of the sediment transpogt (Visser, 1998)

In stage (2) the channel retrogrades at a constant bincgeising a reduction of
the crest width. Depaling on the length of the slofiecompared to the adaptation
length of the sspended load transpdsidifferent situations might occas shown in
Figure2-8a, b. F the L > Lthe erosion for x >:tends to stop. After some time a bar
can form at x- laand the supercritical flow can decelerate inducing more turbulence.
This means that the sediment transport capacity increases and the portesse
even for x > 4. If the L >> kthe erosion of the inner slope occurs with an initial
lowering of the crown of the dike which results in an increase of the flowTrai®in
turn induces the removal of the remaining sediments downstream andotes

evolves as irrigure2-7.
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seaside or riverside +—— — = landside

(@)

seaside or riverside #4—— — landside

(b)

Figure 2-8: Mechanism of sediment transport wHahL > |, and when (bl >> 1, (Visser,
1998)

The primary erosion mechanism observed during the overflow ofgfaieed
embankments is known as headcutting. The headcut is defined as a vertical or nearly
vertical drop of the channel bed elevation, which yipidally observed during
breaching of finggrained embankmeng¢glahn, Hanson and Cook, 2000)

In analogy with the approach adopted by Visser, a-$tage description of the
breach erosion process for figeained embankments has been proposed, based on
observations of experimental studies conducted at the USR®& Hydraulic Unit in

Stillwater, Oklahoma. Seven overtopping tests were performed on 2.3m high and 1.5m
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high embankment models, constructed with three different materials, ranging from
silty sandto lean clay. The embankments were constructed in lifts with soil layers
compacted using a sedfopelled vibratory padbot roller. The overtopping was
initiated by cutting a notch which lowered a section of the embankment crest.

Pictures of these expearents are shown frigure2-9. A sketch of the downstream
profile evolution due to headcutting processes observed is preseRigdre2-10.

In more details, these tests showed that the initial sheet flow at the beginning of the
overtopping induces the formation of a network of miclle along the downstream
slope, which develzs in one or more master ril{§igure 2-9a,b) The experiments
indicated that one rill would dominate leading to the formation of the main headcut. |
this phase, the downstream slope profile evolves into a series of cascading overfalls
which tend to merge generating one single large headcut. While the overtopping
continues, this single step was observed to migrate backwards, from the downstream
toe tothe embankment creBtgure2-9c. The process described has been identified as
the first stage of breaching by headcut erosion, which ends whenuhaddancement
reaches the crest (time stepntFigure2-10).

At this point, the breach is initiated, and lateral erosion is observed. The breach
widening is classified as the second phase of the global process which lasts until the
erosion front cuts through the upstream edge of the dfiggir€2-9d,e andime step
tr in Figure2-10). The third phase consists of crest lowering resulting in an important
increase of the water flow and discharge into the breach channel. The third stage is
considered finished when the erosmpncesses downstream are completed and further
breach widening occurs leading to the fourth final stage with the full br&agtré¢
2-9f andtime st t, in Figure2-10).
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(@) (b)

- —— " N AR /A | 4 S - —

(e) (f)

Figure 2-9: Different stages dbreach formation observed during figlelst experiments on
fine-grained embankments. (a) formation of networks of rills and (b) evolution of the initial
rills into a multi-stepped profiles in Stage(k) headcut backwards migration and transition

to Stagdl (d) headcut advancement to the crest and transition to Stage)Icrest lowering

and transition to Stage llI; (f) breach widening at Stagé®/ J. Hanson, K. R. Cook and

S. L. Hunt, 2005)
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In a similar way to the coarggained embankment, brdmaaenitiation occurs
during the first and second stages, while the breach formation is related to third stage.
The mechanism of headcut formation is attributed to the shear failure of the soil
around the overfalls initially formed. Because of the steppdadhani uniform profile,
the water flow impinges on the downstream toe like a jet, inducing high erosive forces

at the toe which are responsible for the headcut advancement.

A4

Breach I nitiation

Breach For mati

Headcutting

Figure 2-10: Typical breaching process of firggained embankment by headcut erosion
during overflow afte(Hahn, Hanson and Cook, 2000)

One of the most important conclusions of this series of tests is that the type of soll
plays a keyrole in the overall breaching process. Breach initiation occurred more
rapidly (16 minutes) for the embankment constructed with-sdtyd (i.e.70% sand,

25% silt, 5% clay) than the embankment with high clay content (164 minutes). For the
three soils téed, a single headcut was identified at the end of the first stage. The
measured headcut migration rate is higher for the-sdtyd embankment (7.4 m/hr)

and decreases as the clay content increases (0.68 m/hr and 0.14 m/hr). The tests on
lean clay embankents terminated after 1200 minutes of overflow without any further
erosion, such that stage 2 was not terminated. On the contrary, breach formation was
observed after 51 minutes for the-si#tind and after 432 minutes for soil 2 (63% sand,
31% silt, 6% clg).

These experimental observations provide a comprehensive description of surface
and headcut erosion mechanisms. However, if it seems clear that these are typical

macroscopic behaviours of coagmined and fingrained geeanaterials
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respectively, therare still fundamental aspects which need to be further investigated.
Starting from the observation that the hydraulic and hydrodynamic mechanics of
overflow is identical for the two types of material, with the highest hydraulic bed

stresses occurring around the downstream toe, the first question is:

Why headcut erosion tigally starts at the toe for fingrained soils, but this is

not observed in surface erosion of coagsained embankments?
This raises a second question, which is:

Why is there a substantial difference between these two modes of failures
experimentallyobserved?

The current state of knowledge tends to ignore the first question and provides only
a partial answer to the second one, considering soil erodibility as the main critical
factor. In fact,(Morris, 2011) explains that headcut erosion is the praghant
mechanism in fingrained soils because these are less erodible than -gpansed
materials and therefore can sustain the formation of a stepped profile.

2.3 Soil Erodibility

Erodibility is considered an inherent soil characteristic describing Histaece of a

soil subject to water flow. There is a common agreement within the research
community about the use of erosion equaioather than equilibrium sediment
transport equations, originally adopted for modelling erosion processes. The reason is
that sediment transport equation refers to problems of river hydraulics and were
derived upon steady state equilibrium conditions, which are very far from the
dynamics andshortterm characteristics of the water flow during embankment
breaching Samuelsetal., 2008; Morris, 2011; Michelazzo, 2014)

In light of this consideration8riaud(Briaudet al, 2008; Briaud, 2013)roposed
adefinition of soil erodibility as the relationship between the erosion rate experienced
by the soil and the state of stresses associated with the flow at thetiinterface.

This is a constitutive law for erosion, known as erosion function, which can be

expressedh the most complete and general form as:
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[ 1

- y y,
f f f Cn Equation2-1

where- is the erosion rate (m/sndv the water velocity (m/s)f is the hydraulic

shear stres@N/m?), T (N/m?) is the threshold or critical shear stress below which no
erosion occurs 3t (N/m?) is fluctuation of the shear stress due to turbulence of the
water flow ands, (N/m?) is the turbulent fluctuation of the net uplift normal stréss

is the mass deity of water (kg/m), |, T ,7 , m, n, pare all charactestic of the soil

being erodd. This model considers the following processes which can occur when
water flows over particles or particle aggregates: (1) dragdame associated shear
stresses develop at the interface between water and soil particles, (2) the normal
stress ondp of the soil particles decreases because of the water flow, and (3) the
normal stresses and shear stresses applied at the boundaries fluctuate with time because
of the turbulence. The combination of the mean value and the fluctuations around the
mean ofthe drag force and uplift force can induce the entrainment and subsequent
motion of the soil particles or aggregates thus generating erésioolayey materials

the forcesnvolvedin theerosion processduring water flonare shown irfFigure2-11,
whereVy is the water velocity in thedirection andt is the hydraulic shear stress that

for Newtonianfluids is proportional to theelocity field through the fluid viscosity,

fa andfi are attractive and repulsive interparticle fordegre contact inteparticle

forces,uw isthe pore water pressure

Vi T particle uplift
water velocity ~hydraulic shear /' ‘ ]X
stress TR ~
—————p Water-soil interface
Water Flow — ‘

— ATy fofai i
X i ! - 3 / ; |
| slope / ~ 4

z proportional

. to the shear stress
Soil

W
T ]

FT- S g

Figure 2-11: Forces around clayey aggregates subjected to water flow @teud, 2008)

Despite the robust physical mechanisms underlying this model, the number and
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nature of the parameters to be determined make its application impractical. This is the
reason whyEquation2-1 is generally reduced to:

- Ot Equation2-2

which considers only the contribution of the hydraulic shear stress to the erosion rate.
This concept is not new in literature and similar models were proposed in the past,

like the one from Duboys in 189Knapen A.et al, 2007) Currently, the most

common erosioronstitdive model adopted in literature and implemented in the new

generation of breaching numerical models is the excess stress equation:

- Ot T Equation2-3

where:
- is theerosion rate (m/s),
Q is theerodibility coefficient (cri/N s),
T isthe hydraulic shear stress (Pa),

T is the critical shear stress (Pa)

The linear constitutive laghown inFigure 2-12 describes the initiation of erosion
expressed by the critical shear stréssand the erosion kinetic, represented by the

erodibility coefficientQ.

Kinetic of the

4 erosion process

& - Erosion rate (mm/hr)

»
>

Te T - Shear stress (N/m?)

Initial resistance

Figure 2-12: The linear constitutive law for erosipnsually derivedrom erosion tests

These two terms are known as erodibifigrameters assumed to be characteristic of a
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given soil. The critical shear stretsis the threshold corresponding to the initiation
of erosiony(i.e. the soil erodes when the shear stress exerted by the flow exceeds this
critical valug. Hence this pameter accounts for the soil resistance to initiation of
erosion. The coefficient of erodibilif@ is an index of the amount of soil loss per unit
time under a given shear stress once erosion is triggered. It indicates how quickly soil
particles are eded. This parameter has been observed to range from 0.001 to 1000
cm’Ns. Low values represent erosion resistant soils and high values are representative
of more erodible soils.

Soil erodibility classifications are available in literature. Hanson andotsim
(Hanson and Simon, 200@joposedhechartshownbelow, based on results of critical
shear stress and erodibility coefficient from &3djet erosion testsonducted irfine-

grainedstreambeds
10000 +
Very
erodible
1000-(’/’:/ °
Moderately
resistant
0
=z
mg 100 + b
; o ®

¢ Loosened soils, Hongshihe Resistant
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& Compacted soils, Libaisi A M Very

m In situ soils, Hongshihe resistant
O In situ soils, Libaisi
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Figure 2-13: Classification of soil erodibility as function of critical shear stress and

erodibility coefficientHanson and Simon, 2001)

Five categories were identified (very erodible, erodible, moderately resistant, resistant
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and very resistant) witthe critical shear stress yang oversix orders of magnitude
andfour orders of magnitude fdine erodoility coefficient It is evident tiat the higher

the critical shear stress and the lower the erodibility coefficient the more erosion
resistant is the soll tests.

Another classification chart was proposed by Brigiaud, 2008)where the erosion

rate is plotted versus thgydraulic shar stress. Sixategoriesvere definedased on

15 years of erosion testing experiente.Figure 2-14 it is highlighted thatsoil

compaction leads to an increase of the erosion resistance.
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Figure 2-14: Classification of soil erodibility proposed by Bria(riaud, 2008)

2.3.1 Soil Erosion Tests

The two soil erodibility propertiesni Equation 2-3 should be determined
experimentally(particularly for finegrained materialsh laboratory and/or situ, in
analogy with the common methodology adopted in geotechnical engineering
problems.
In the last 25 years, many experimental devices have been proposed to determine the
erodibility parameters. The Erosion Function Apparais4) developed byBriaud
et al, 2001) the Hole Erosion Test (HET) developed by Wan and (Felll et al,
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2003) the Jet Erosion Test (JET) developed by Hanson and Cook in laboratory and in
situ (Hanson and Cook, 2004jhe (RETA) Rotating Erosiodesting Apparatus
(Bloomquistet al, 2012)are just few examples of test procedures available to assess
the erodibility parameters.

However, these approaches are not consistent, and it seems that different test methods
conducted on similar materiaksid to provide controversial results. Hence, erodibility
parameters measured are dependent on the test method ayaltdWahl, 2010)
compared the results of Hole Erosi¢tET) and Jet ErosiofJET)tests orpairedsoil
samples. It was found that JESSts provided a higher erosion rate and a lower critical
shear stress than the HEA.similar trend was observed also in the experimental
investigation conducted blRegazzoni et al(Regazzoni and Marot, 2018)ith the

HET and JETTests resultarereportedin Figure2-15 andFigure 2-16 respetively.

In both plots, thebscissandicates the soil sample tested and the correspohHas

classification.
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Figure 2-15: Differences in msion rate indexneasured with HET and JET devigi@gahl,
2010)

The erosion raténdex | as proposed by Wan and F@lVan and Fell, 2004is

definedasbelow:
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) 11T @ Equation2-4

whered (kg/s/nt/Pa)is the coefficient of soil erosiothat is related to the erodibility
coefficient through the relationship Q" with” soil dry densitykg/nr).
Typical values of this index range betweenand 6 with larger values indicating an
increase of erosion resistance.
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Figure 2-16: Critical ShearStress obtained from HET and JET tg§¥ahl, 2010)

A comparison of EFA and JHBabhri, Osouli and Stelback, 2016¢onfirms that
there is a test influence on the erodibility parameters. Nevertheless, all these tests are
considered nowadays as fAstandardo geotecl

The observed discrepancy can be attributed to the different hydraulic conditions
imposed in these tests. For example, the JET is based on the action of a submerged
water jet impinging the soil surface, while the HET and the EFA measures erosion
rates caused by a water flow running parallel to the soil surface.

It is evident that theris a series of problems which the scientific community is
still attempting to clarify. The main discussion is about: (1) the linearity of the erosion
law; (2) the description of soil erodibility with more than two parameters; (3) the
introduction of sepate erosion models to interpret different hydraulic loads (i.e. water

jet and longitudinal water flow) and (4) the review and improvement of the theoretical
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framework behind the interpretation of the experimental measurements in erosion
tests. In additionfurther investigations are necessary to understand the relationship
between erodibility, physical and state soil properties traditionally adopted in
geotechnical engineering practi@éecording to Bonellilhese are all open questions
and needs of furtmeesearct{Bonelli, 2019)

It is worth mentioningthat the new generation of breaching models implement
Equation2-3 and the predictions of the maesoosion behaviours of surface or headcut
erosion are strongly dependent on the choice of the erodibility parameters. Hence, the
enhancement of breaching modedgpabilities can be obtained if the accuracy of the
erodibility characterisation of soil is effectively improved.

Besides laboratory and in situ tests (JET in situ arsltinflume), the idea of
deriving erodibility coefficient and critical shear strabsough correlations with
traditional engineering soil properties has been investigated by many researchers in
the past decaded.o introducethe mostrelevantgoverning factorsa distinction
betweenfundamentalerosion mechanisms of coarssnd finegrained materials is

briefly presentedn the following.

2.3.2 Erosion of coarsgrained soils

For coarsgyrained soilssuch as sands and gravedspsion occurgypically
througha particleby-particleprocess. The incipient motion of the particléyisically
controlled by slidingand rollingmechanismand can be expressed in terms of critical
shear stress
Assuming that theolil particles aresphers, sliding occursvhen thetangentialforce
duethe water flowis equal tot 6 (N) and it isgreater than thé&iction resistance
between the two particles O A%.(N) wherein Equation2-5t (N/m?) is the critical
shear stres§ (m?) is theeffective friction area of the water on the particbe(N) is
the submerged weight of the partid@(degrees)s thefriction angle of the interface
between the two particle$he neigbourghsphers aresubjected to the sanferces
and therefore will movén the same direction at the same rate without developing

resisting forces.
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TcAq T 6 @OAdk Equation2-5
—_— e
“0 w om em O .
Dsy T4 — QTOA/do Equation2-6
¢” " Q0N _
W tan ¢ T p 1 O Equation2-7
(a)
T6 A OO Equation2-8
“O O 0 Al1O
T
T S S
) Equation2-9
" 0——O0EI]
¢” " "QOHI]
T o 1p ATO ©) Equation2-10
(b)

Figure 2-17: Sliding mechanism for spherical particlasd incipient motion condition&)
androlling mechanism (b) aftgBriaud et al, 2001)

Equation 2-6 develops further the expression for the effective areaand the
submerged weight ikquation2-5. The termy is theratio of effective friction aga
over the maximum cross section of the spherical part@le,(mm) is the mean
diametey representative of the soil particle distributidn,and”  (kg/m®) are the
mass density ofoil andwater respectively’Qis the gravity acceleration (m#.
Equation2-7 clarifies that the critical shear stress is essentially a function ofidlas
particle sizeO .

Similarly, for the rolling mechanisirthe rotation equilibriumexpressed ifcquation
2-8 leads toa relation betweem andO in Equation2-10. In this case the incipient
motion is controlled also by the angléndicative of the relative densify.e. loose or

dense arrangements).
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Although the simplistic assumptions, leetches and relationskim Figure2-17
show thatthe main resistance to water flaf coarsegrained soilsdepends orthe
immersed weight of the grain, grain density, shape and$&ertheless, as observed
by Briaud(Briaudet al, 2001) these expressiosgmplify the real mechanismisence
experimental methods are always preferfeenerally, the mobility of coaegyrained
materials(i.e. T ) can beassessedavith the Shields char(Shields, 1936)In his
pioneeringwork, Shields conducted a series of fluragperimentson sand beds
subjected to water flows. The results of the experiments were plottea in
dimensonless chart known as Shields diagrarne Shields parameter is the ratio of
the shear stress and pdnenitqglsurfateiacad at ditgcal s u b m
condition(i.e. initiation of motion)and therefore provides amdication of the critical

shear stress. An example of the Shields chart is shelaonv.

| - occasional particle movement at some locations
2 - frequent particle movement at some locations
3 - frequent particle movement at many locations
0.12 4 - frequent particle movement at nearly all locations
5 - frequent particle movement at all locations
6 - permanent particle movement at all locations
. 0.10 7 - general transport (initiation of ripples)
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Figure 2-18: Modified Shields Diagrarafter (CIRIA, 2013)

2.3.3 Erosion of finegrained soils

The erosion resistance of firgrained soils is assumed to be predominantly
governed by electrochemical inggarticle forces rather than the subigerd weight of

individual particlesA sketch of the forces involved has been presentEdyure2-11.
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In this case, erosion processes occur at the scale of aggregates or soil lumps rather than
at the scale of single graiSoil behaviourtend to evolve with time, depending on the
series of pst and recent events which might have impacts on the phygbeailical

and biological interactions between soil, pore water and eroding(Matita et al,

1989; Utley and Wynn, 2008Because of all these factpeyosion in finegrained
materials ignfluenced by almost any soil property, this results in a complex problem
with high spatial and temporal variability which is not fully understgtahpen A.et

al., 2007)

Three main modes of erosion of fine graimedterials are reported in literature
(1) aggregaté by i aggregate, most commonly referred to as surface erosion; (2) mass
erosion; and (3) rentrainment of a stationary suspengibtehta, 1986; Mehtat al,

1989)

The first mode occurs when the hydrodynamic drag and lift forcesifii@ently
high to break the intgparticle electrochemical bonds. Surface erosion can be
associated with fApeelingo or Apittingo o
within the aggregate. The first mechanism has been typically observed-io-face
aggregates while stiff clay exhibits pitting surface where the removal of soil lumps
leaves the soil surface with craters.

The aggregate breakdown mechanisms have been discudse@isgonnaiglLe
Bissonnais, 1996 Depending on the causesuf types of aggregate breakdown have
been suggested: (1) slaking due to the compression of entrapped air during wetting
leads to the formation of micraggregates; (2) the internal pressure changes induced
by differential swelling and shrinkage during teg and drying tend to create
microcracking of aggregates; (3) mechanical breakdown by raindrop impact induces a
Asplash effecto which is responsible for
physicchemical dispersion resulting from the reductiof the attractive forces
between the particles in the aggregates during wetting.

Stability or dispersion depends on cation size and valence. Polyvalent cations
cause flocculation (i.e. calcium and magnesium), on the contrary monovalent cations
(i.e. sodum) cause dispersion. The most important soil properties which have been

found to influence aggregate breakdown are: soil texture, clay mineralogy, organic
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matter and cations concentratie Bissonnais, 1996; Utley and Wynn, 2008)

Mass erosion refsrto the removal of relatively large blocks around weak planes
below the surface. This typically occurs under severe flow conditions and determine
much higher erosion rate than surface erosion.

The reentrainment of fluid mud is not a fully understood pivenonMehtaet
al.,, 1989)and it seems to be related to wdwems which tend to develop at the
interface suspension/clear water.

The processes described above constitute what in literature is known as hydraulic
erosion because directly dependent on the water flow induced stresses. This is often
considered different from subaerial erosion, which refers specifically to the weakening
and weathering of soils associated with soil moisture condifidmsrne, 1998; Julian
andTorres, 2006)Subaerial erosion involves all those processes that can be related to
climate conditions and atmospheric agents, operating independently from water flow
and resulting in a reduction of the soil resistance. For this reason, subaeroal bessi
been generally considered as fipreparator
the sense that they contribute to increase susceptibility to hydraulic efiddmnand
Wynn, 2008)

Wettingdrying as well as freezilnaw repeated cycleseaall considered subaerial
erosion processes responsible of swelling and shrinkage respectively oivhails
can ultimately lead to the formation of cracking and fissures leading to a deterioration
of the material, which then becomes more susceptiblerdasion. A network of
desiccation cracks in clay fill caused by tensile stresses associated to shrinkage and
build-up of matric suction during period of drying have often been observed on the
surface of flood defence embankmefidyer, 2004; Dyer, Utili ad Zielinski, 2007)

These fissures can extend vertically up to 600mm below the surface and tend to
terminate horizontally at depth such tha
two-dimensional system of cracks tend to isolate relatively lardebkmiks. It is

evident that desiccation cracks constitute plane of weakness, preferential path for water
infiltration and additional source of high turbulence flow which accelerates mass
erosion failures. At the same time, during wetting periods, theaserof water content

is responsible for loosening of aggregates due to the reduction of magnitude of
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interparticle bonds. Slaking occurs when an initially dry soil is subjected to a rapid
wettinginducing he breakdown of aggregat@horne, 1998)

An interesting summary of several experiments conducted on undisturbed clay
samples is reported in the work f@askinet al, 2003) These investigations were
performed with different testing apparatus including flumes, rotating cylinder
apparatus, drihole style and wake tank. The critical shear stresses were found to
range between 0 and 4ER/m? depending on the nature of the clay. Erosion typically
initiated within cracks and continued as mass erosion with the removal of soil blocks
or lumps. It wasisown that these clays are very resistant to erosion when undisturbed
and unweathered with erosion rates increasing significantly as soon as fissures
appear. In the same work, the authors describe the experimental tests that they
performed in flume and wa tank on undisturbed samples of the Champlain Sea clay
from the banks of the St. Lawrence River between Montréal and Contrecoeur
(Canada). They observed that the predominant erosion mode was mass erosion through
removal of large soil blocks isolated byacks and weak planes present in the natural
structure of the clay. This process was similar in all theveathered samples at the
in-situ water content. Also, the erosion was not significant until the water velocities
reached 0.5 1.0 m/s. The analysisf samples initially dried and rapidly -keetted
showed that this sequence of events caused an increase of erosion rate by several order
of magnitude. The presence of vegetation root in the soil sample was also investigated.
It was observed that the rootirnix slowed erosion rates.

These observations show clearly that erosion ofdiraned geomaterials is the
result of a complex combination of physicilemical and hydraulic phenomena and
a sharp distinction between subaerial and hydraulic processbs aa@staken as these
cannot be considered independently. The effects of soil weakening/weathering due to
the temporal variability and dynamic of soil moisture content chaimge$y that the
erosion occurring during a particular water flow event, depemdsonly on the
severity and duration of that evehtit also on the soil state resulting from antecedent
conditions(Wolam, 1959; Hooke, 1979; Thorne, 1998; Couper and Maddock, .2001)

Ultimately, many correlations between the erodibility parameteasd™Q with

fundamentals physical, chemical and mechanical soil properties (i.e. grain shape,
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specific gravity, particle size distribution, Atterberg Limits, clay content, clay
mineralogy, water content, organic matter, cation exchange capacity, pH, sodium
adsorption ratio, void ratio, shear strength) have been proposed in literature and can
be found for example irfKnapen Aet al, 2007; Thoman and Niezgoda, 2008; Morris,
2011; Bonelli, 2013; Kimiaghalam, Clark and Ahmatri, 2016; Sleafi, 2016; Zhang
et al, 2016)

However, because of the multitude of factors influencing soil erodibiibyere
the soil state and environmental conditions need to be ingladedgiven the large
range of variability of the erosion parameters, it can be concluded that toadate
standardised method to predict soil erodibility with a satisfactory level ofamcis

still missing.
2.4 Modelling of the Observed Breaching Processes

The simulation of theobserved breaching processs crucial for flood risk
assessment, flood risk mitigation and emergency pladerstandinghe predominant
erosion mechanism(i.e healuctting or progressive surface erosiargn provide
information on breach parameters includingreach channel shape and sizeeach
formation time peak dischargandthe overall outflow hydrograph
Geometrigparametergcluding breacltrosssection shape, breach degblottom, top
and average widthand side slopes are shown kigure 2-19a. Hydrographic
parametergorming the outflow hydrograph consisting of breach formation time and
peak disbarge are presentedkigure2-19.

Failure time isknownas the period from thenset of breacto the ultimate stages of
breach formationin Figure2-19, the time of 10:30 a.m. is tleeachinitiation time

(i.e. point A) From this moment onwards the volume of watealisedthrough the
breach channels increasingand the erosion processes are accelerated until the
collapse of the crest at BB a.m (i.e. point B) This is suddenly followed by the peak
dischargehat decrases while the breach is enlarging. In this case the failuren@me

approximately 4 hours.
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Figure 2-19: Geometric parameters of an idealised trapezoidal breachssection(a) and
outflow hydrographrelating discharge and time during failure of Teton Dam &nJéne
1976(b). (Zhanget al, 2016)

Theassessmermf thesebreach parameters constitutes the aimlmeach model.

In the past decades a consistent research effort has been deditatedietcelopment
of methals for breach predictiorrangingin accuracy and complexityDifferent
authors proposkdifferent clasdication systens andthe mostacceptedneis detailed

by Morris et al.(Morris et al, 2009)consisting of:

1. Non i physically based or empirical models where discrete breach

parameterdike peak discharger breach widthare estimated through
predictiveequationsderived from statistical analysis pastembankment

failures. Despite the simplicity of these equatiotisere is a great level of

37



Chapter 2

uncertainy affecting the results due to the dataset usedlevelop the
equation and the associat@dnstraints for the application to other cages.

list of equations can be fourfdr example in Wah{Wahl, 1998)

. Semiphysically based, analytical and parametric modeldo increase the
level of accuracy while maintaining a relatively simple approawthods
incorporaing physical processdsit with simplified assumptionsave been
developedThe flow over the embankment usually describedvith weir
equationsTheeroson rate for the breach growth or the final dimensions of
the breach shapand time of breach formation are normally required in
input The appoach ofthese modeis to adjust the breach formation to fit
this information Hence the results are strongijated to the accuracy of the
dataprovided by the user in inpuin example is HEERAS (Hydrologic
Engineering Centreos Ri ver Anal ysi s
United States Army Corps of Engineers).

. Physically based modetsare the most complete mettsodiming to
simulate breach formatidmased on the hydraulic, hydrodynamics, erosion
and instabilities processes observed durirgal failure and/or in
experimental investigatioifhis means thatomputer programs are required
to run complicatechumericalmodels increasing the computatiefforts.
Many physically based models have been proposed over the last forty years
ranging in complexity, assumptions, and methodology adopted. A historical
oveniew of the numerical model development and a long list of available
models (about 55 different breaching models) can be fouriderature
(Wahl, 1998; Morris and Hassan, 2002; Zhu, 2006; Morris, 2011). A more
detailed description of the most recent anoihfising methods is provided

by Zhonget al. (Zhong et al., 2016) and West et @Nest, Morris and
Hassan, 2018).

An extract of he tablepublishedby Morris et al.(Morris et al, 2009;
Morris, 2011)based on the compilation of previowsrks fromD'Eliso,
2007, Kahawita, 2007, Mohamed, 2002, Morris, 2009b, Zhu, 2006 is
reported in the tablebelow.
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Table2-1: Historical overviewof the mairphysicallyi based breaching models available in literatesgracted from(Morris et al, 2009)

Breach , Erosior/Sediment : Comments
Model Morphology Flow Modelling Transport Slope failure Limitations
1 Constant breach width and
. . shape
CRISTOFANO Trapezoidal with Broad (_:rested Empirical formula 9 No lateral erosion
) constant bottom weir : None .
(Cristofano, 1965) width. formula developed by Cristofano mechanism -
1 No Slope Stability
mechanism
PONCE- 1 Initial breach geometry is to
TSIVOGLOU Constant Peak Hvd Fg" . MeyerPeter and Muller N be specified in input
(Ponce and Flow Width y Srgsilenr?]mlc (1948) bedoad formula one 1 No slope stability model
Tsivogloy 1981) 1 No lateral erosion model
DAMBRK Rectangular, Broadcrested Linear predetermined T Final breach shape and finz
triangular, ; . None time of breach are required
(Fread, 198) trapezoidal weir flow erosion in input
9 First model to include slope
1. Breach Side stability module although
slope inaccurate;
NWS BREACH Rectangular, Broadcrested Meyer-Peter and Muller Stability 1 Uniform erosion othe
(Fread, 1988 trapezoidal weir flow modified by Smart 2. Top wedge breach
failure 1 Incompatible computation

method forthydraulics and
sediment;
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Erosion/Sediment

Model Breach Morphology Flow Modelling Transport Slope failure Comments Limitations
9 Similar approach to
NWS BREACH model;
9 Uniform erosion of the
BEED breach;
(_Singh and Rectangular, Broadcrested Einsteini Brown (1950) Breach side l Incomp?[a:!ble thod f
Quiroga, 1987, trapezoidal weir flow Bed load formula slope stability computation method tol
Singh and hydraulics and

Scarlatos, 1989)

sediment;
1 Inaccurate slope
stability analysis;

SITES .
. . . 1 Incomplete modelling
(USDAT ARS, Thre? (sj'gageﬁ of dfallure Spillway stage Detachme dn.t ”.‘Od‘?' and Sr? |Ilwa)|/ exit of embankment failure
USA) including headcut discharge curve energy dissipation channe 1 Empirical coefficient to
formation equation stability :
(NRCS, 1997) compute erosion
NCP i BREACH
(Coleman and 1 Empirical expression
Andrews, 1998, Parabolic Empirical formula Empirical Formula None based on smalcale
Coleman et al., models
2002)
BRES ; .
Five stages of failure Broad crested Four sediment transport None 1 Use of sediment

(Visser, 1998a,b)

weir

formula

transport equations
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HR BREACH Effective shear stress ~ Weir and 1D . .
equation; Exner steady non Various sediment IS Ingnsatr?%“o?/e T Lnnccl:?t(;i(r)wgtelgrilrf%ateria
(Hassan etal. 199¢  gquations and soil uniform flow transport equations Stabili roperties
Mohamed, 2002) wasitng equation y prop
SIMBA Developed on the basis
(Hanson et al., Rectangular, Broad crested Parametric relations for Side slope of flume and larger scale
2005c, Temple et Trapezoidal weir headcut advance erosion experimental tests on
al., 2005) headcut development
DamBreach ] i .
Undetermined 2D solution of St  Sediment transport and erosior None Nor-cohesive:
(Wang and Bowles Venant equation rate :
2006, b, c, d)
DamBreach 1D soluti st
. solution o . . )
(Wang and Bowles Undetermined Venant equation Sediment erosion rate formula None Cohesive
2007)
Erosion rate for cohesive
BRES Five stages of Broad crested sediment with erodibility None Developed from earlier
(Zhu, 2006) failure weir coefficientto be determined 1998 model
experimentallyor empirically
HR BREACH Variable weir and Slope
Next Generation Effective shear 1D steadynon Erosion equations: | Chen & Stability i Allows for multiple zones
2009 stress depender  uniform flow Andersonll Hanson Osman Core of variableerodibility soil
equation Stability

(Morris et al 2009
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This historical excursuscluded only few examples dhe great number of
breaching models developed in the p&stspite the differences a commsinucture
of physicali breach modslcan be identifiedThemain components ar

1. Hydraulic/Hydrodynamic sub-model: for the calculation othe flow
regimes (i.e. flow velocities and hydraulic shear stresses). The most
commonmethodsrary between the shallow water equations (1D and more
recently 2DSt Venant equati®) and the simple cresteeeir formula
commonly used in opechannel problems.

2. Erosion submodel: interacts with the flow calculatioto determinethe
volume of soileroded over time. Theldestmodels adopted sediment
transport equatiofrom river hydralics theoriesand only recenimodels
started to implemerthe constitutive law for erosidie. Equation2-3).

3. Breach morphology submodel: the breach channe&volves based on
the updates providdaly the erosion processes simulated and many models
predefine the shape of tiheeach crossection that it is often an input to
be specified by the user (igarabolictriangular, rectangulatrapezoidal)

4. Slope stability submodel: to simulate the instabilities of the breach
channel slope. This is usually not presensimplified approaces are

adopted.

2.4.1 Conceptual Modslfor Headat Erosion

Table2-1 includes breaching modelike SITES (UBD-ARS), SIMBA (Temple
et al., 2005, Hanson et al. 20)5BRES (Zhu, 2006hatsimulatedifferent sages of
the breachingprocessgoverned bythe headcuing erosion These are based on
different conceptual models of headcut formation and advancemeammon aspect
is that the downstream profile is assumed to evolt@ a singlestep profile thus
neglecting the initial stages of headcut formatimeumented for example Figure
2-9a, h The differencesrethenrelated to the equations derived to study the single
headcut failurehow overflow erodibility andsoil propertiesareconsidered

The mostommonmodelsmplemented in the last generation of physichihsed
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breaching modelgo predict the headcuing mechanism,are discussed in the

following.

2.4.1.1 SITES(1997)1 Structure Site AnalysiSoil Conservation Centre and
Agricultural Research Service)

SITESis a 2D modemodelling the erosion processedlimee phasedt is based on
obsenation oflaboratory and field investigations of vegetated spillw@smple and
Hanson, 1994)The three phases af&) failure of the cover vegetatiori2) headcut
formationand (3)headcutdvancemenPhase$l) ard (2) are based on the calculation
of the mass of soil removed over timeeg( rate of soil detachmengccording to
Equation2-3. In phase(1) the failure of the cover vegetation is calculateder the
assumption that t andthe critical shear stress is zero

The hydraulic shear stre$s in Pascal igivenby:
T QYp O = Equation2-11

where[ is the unit weight of watelQis the flow depthYis the slope energy line

0 is a vegetal cover factar is the soil grain roughnessxpressedn terms of
Manningbés coied f Me n m ihhe ¢ogsdilgiroperties are represented
by the Plasticity IndexTheintegraton of Equation2-11 over timeuntil coverfailure

occursgives:
T Q0 wd Oum Equation2-12

whered (in hours)is thetime of vegetal cover failure arldl '@ the soil Rasticity

Index Equation2-12 has beeralibrated with data from field spillway experiments.
Oncethatthe grass cover detachedtheprocess continuaa phasg2) with the
erosion of the material below the vegetati@yer. The hydraulic shear stresses can be

computed as
T 7 Q QY Equation2-13

whereQis the flow depth outside the concentrated flow af@s, the eroded depih
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the flow and stress concentratidiguation2-13 is a special case &quation2-11
under the condition of phag@) erosion.It is necessary at this point to be able to
identify the critical shear stress and #redibility coefficient of Equation2-3. For
fine-grained materiakxperimental determination of the point of incipient motion
requires either the application of subjective judgment or assumptions related to flow
boundary interactio at low sediment transport rates. For cogmsened material
Shieldsdé diagram is generally used as
incipient motion.An estimation ofQ proposed by thee authors isbasedon the
regression analysis of @from 10 documented studies fine-grainedmaterialsand
it is afunction ofclay content, dry unit weight arpgdasticity index Alternatively, the
coefficient may be determined from a direct measurement of soil erodibility using a
JETtestproposedy HansonHanson, 1991)

Phaseg(2) erosion continues until the depth of erosion is sufficientridermine
the headcutformed and the headcatlvancenentbegirs. This occurs when erosion
reaches a depth at which the flow plunges and impaeisthe base of a vertical or
nearvertical face accompanied with concentration aftress and flow energy
dissipation at the base of the overfahisconditioncan be approximateas the point

at which the tailwater depth is equal to oslsn critich depth

Figure 2-20: A sketch of the condition corresponding to the transition from phase 2 to phase
3 after Temple and HansofTemple and Hanson, 1994).

The headcut advancemeist modelled usingequation 2-3 basedon energy
dissipation rateper unit width of headcuand aheadcut erodibility index) that

depend on the naturef the spillway materials.

44



Chapter 2

O Ar O Equation2-14

where,Ois the enggy dissipation rate) is the unit discharge, is the unit weight of
water andOis thechangan energy line elevation through the headzsgumed equal

to the height of the headcthe headcut erodibility index is computed as

. . YOO, _
)] U o U o Equation2-15

with 0 earth mass strength numb&QD rock quality designation) joint set
number,b relative ground structure number,joint roughness number amd joint
alteration numberThe parameters can be assessed in the field. The mass strength

number reresents the strength of an intact representative sample of the material. The

ratio— represents the mean block or fragment size based on the relative spacing of

joints within the massThe ground structure number incorporates the effect of

orien@ation of the material structure relative to the flow direction. The ratio

represents the shearing strength of joints within the mass, or the shear strength of
interparticle bonds

There are two components in the headcut advance model. A threslatidn
determines whether headcut advance occurs. An advance rate relation then determines
the rate of headcut advance. Both the threshold and the rate are correlated with the
headcut erodibility indexThe threshold relation was calibrated against @ goints
for which headcut advance could be described qualitatively. The advance rate relation
was correlated using data from 33 headcuts for which advance rates could be
estimated. The headcut advance model was validated against 10 additional headcuts
not included in the calibration analysis. In only three of these cases the vemdts
heavily dependent on pha¢8) erosion (headcut advamoen). For two of these
spillways constructed in weaker materials, the model predicted erosion congititent
that observed. For one spillway constructed in stronger materials, the model
underpredicted the observedocessin this case,hte authordhad doubts abouhe

determination of the headcut erodibility index for the eroded materials.
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2.4.1.2 SIMBA(2005)i SMplified Breaching Analysis

SIMBA is the evolution of SITES and it isonsidered a hpyysically i based
empirical model SIMBA is the result of & intense researchctivity at the U.S.
Department ofAgriculture - ARS Hydraulic Engineering Research UrStjliwater,

OK by Temple and Hansorit wasone of the three modetssaluatedas part ofthe
review program promoted by the working grouptbe Dam Safety Interest Group
(DSIG) of CEATI InternationalMorris et al, 2012)

SIMBA was developed to analybeadcut erosion observedlargescalelaboratory
testson homogenouBne-grainedembankment. fie erosionalgorithnms and code®f
SIMBA have beenincorporatedn WinDAM (i.e. Windows Dam Analysis Modules)
a modular softwaréTempleet al, 2006)under developmerdat USDA (i.e. United
States Department of Agricultyréor which several versions aceirrently available
Research is ongoingnd new versions of WinDAM (i.eNinDAM D and E) are
planned to be released in the future.

The conceptual model for headcut erosimplemented in SIMBA and then in
WinDAM is detailed in the following.

SIMBA is based on the assumptions that the headcut begins at the top of the
downsteam slope while the crest remains at its original level until the headcut reaches
the upstrearmedge of the cresidealized threalimensional shape and growth of breach

are determined by coupling a headcut development and advance model with hydraulic
calcuations based on normal depth flow and unitflates. Flow rate is approximated

by assuming hydrostatic pressure and an energy coefficient of unity at the point of
hydraulic control. The erosion rate is a function of & detachment rate coefficient

'Q and the excess streggplied T 1 according tcEquation2-3.

Headcut migration is modellegsing the deterministic approach developed by
Hansonet al. (Hanson, Robinson and Cook, 200Ihe rate of headcut migration is
based on a 2D stability analys&cording to the Culmanmethod. he forces

consideredare represented thefigure below.
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e

Figure 2-21: Headcut advancement model proposed by Hanson @tahson, Robinson
and Cook, 2001)

The attacking forces are thwight of the soilo at failure and the weight of water
w at the top of the overfalDue tothe continuous erosion and/or undeticg, the
weight of the soil block changes in time. The resisting forces are associated with the
vertical and horizontal backwater componentand”Y and the soil strengttiue to
cohesionbandinternal angle of friction .

At failure, the equilibrium of these forces gives:

o o Y OWOEFOAT - Y OWAT-O 1 Equation2-16

where0d and—arethe lengthand the anglef the failure planeespectively.

In this model the shear failure is assumed to be the predonmreamanismand
once it has happened, the headcut advances upsiteatistance T assumed equal
H/2, with H the height of the headcut this point, he failed soil block is deposited
at the toe of the slopantil the flow will remove it.
Further simplistic assumptions afet (1) the headcut is at its maximum height and
migrates upstream atatheight, (2) thesoil blocks failed downstream have mapacts
on the migration process, (3) the headcut stability can be described in terms of

unconfined compressive strength.

The headcut advancement is considered as a cyclic process. When the headcut fails
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another event starts until the stability is overcagain and another failure occurs.
The rate of migration can be described as the distance of movérdeuntied by the
time of each failur@ according tdEquation2-17.

Qw® Y _
20 o Equation2-17
The time of failured is related to the soil erodibility and depends onréie of

soil removed on the vertical fa€® inducingheadcut instability.
O

0 W Equation2-18

hence Equation2-17 can be written as:

Q® 4t ¢ Equation.19
a0 o quation2-
In Equation2-16 the termsw , Y and0 depends oi© .
In fact, the weight of thé&ailing soil blo is:
w [ YO O ¥ O OA+ ' 00 Equation2-20
C

with[ the soil unit weight.

The vertical component of the backwater for¢es equal to
Y I 060 Equation2-21
and the length. is:

w O

ATD q

The other terms that are not dependen®oarew and”Y that can be written as
W [ O"Y Equation2-23
whereO is the depth of water on the top of the headaut
y

gr o} Equation2-24
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The erosion that will cause failure can be determiogdntroducingEquation
2-20, 2-21, 222, 223 and 224 inEquation2-3.
The authors consideredindained conditionsassuming thathe soil strength is
provided by 1§ F¢ withj unconfined compressive strength.
Ultimately, erosion on the vertical face is estimated by solving the algebepiation
2-25.

O w0 wo 11 Equation2-25
whered @

v I .

w E Equation2-26

w r o FE"O ) Equation2-27

A ®0O %6 ;—IJF "0 g[’ 00 Equation2-28

In SIMBA the process of breach development is modelled in four stages: (1)
headcut development at the downstream head of the crest; (2) headcut advancement
through the crest up the upstream edge; (3) lowering of the crest; (4) breach widening.

In stage (1erosion ofsoil is estimated witlEquation2-3 driven bynormal depth
flow on the slope usinlyla n n i forrguias
Solution ofEquation2-25 comes into playo calculate the advancement rdtging
stage (2)starting wherthe eroded depth exceettte critical flow depthandduring

thebreach formation staged/hen phase (4) is reached the breach can only widen

2.4.1.3 BRESI Breach Erosion in Sandikes-Visser (1998 andZhu (2006)

BRES was initially developed by VissefVisser, 1998)to model observed
breaching processesf homogeneouscoarsegrained embankment damduring
overtopping As presented inFigure 2-6, breach processesf coarsegrained
embankmenare divided irb stagesln stage 1the downstream slops steeping from

an initial slopeup to a criticakcondition At this pointstage 2 stas, and the discharge
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flow continues to erode the downstream slope, which remains a constant value. Then,
the crest moves toward the upstream until the end of this stage, when the crest is
entirely moved by downstream erosion and disappears. In stages@nestarts to
deepen the breach bottom toward the base of the embankment at a constant slope angle.
As the breach deepens, it widens at a constant slope angle. As the breach reaches the
base of the embankment bottom, stage 3 dndsage 4thebreachcontinues to grow
in both the vertical and horizontal directions and is controlled by the bottom erosion
rate and side slope erosion rate. The side slope angles remain at the critical angle. As
the discharge flow changes from critical to subcritical, stageds and stage 5 starts.
In this stage, lateral erosion is the main erosion process. The breach continues to
enlarge until the end of the breach.

The five-stageapproachhas been further extended by Z{ihu, 2006)to model
the observedoreaching processes fifie-grained fillk whereheadcutformation and
migration are the dominant breaching mechangrn stage k) an initial notch is
assumed on the embankment creisere the soil is erodadhder the hydraulic shear
stress and a smadkale headcut may form along the downstream sl®pe erosion at
the toe is generally large than the erosion on the upper part. Due to this different
erosion zones the downstream slope is steepenegtime until acritical slope angle
is reachedand stag (1) starts.This isessentiallythe headcut formatiomuring stage
(1) further erosion of the surface of the slagred the scour hole formed downstream
due to the jetimpingemelgadsto the first headcut failurend transition to stage (llI)
In stage (Ill)the same failure mechanisms are repeated cyclichly weaker and
thinner embankmentThe breach enlarges rapidly, as well as the flow &ate
accelerates the breach erosion proaasssequentlyAt the endof stage (lIl) the
embankment body has been wasaedyand in stage(lV) and (V)erosion continues
only laterallywith sideslope instabilitiesln this context

Zhu (Zhu, 2006)considers four different types of erosion that can occur thrate
the healcut is formedat stage (II) With reference td-igure 2-22, these are (1fjow
shear erosion on the top surface of the heaatwdi(2) along the headcut slope due to
the water shear stresses; (3) schote formed at the embankment foundatitue to

the impinging jethattends to undermine the stability of the headmyutindercutting;
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(4) slope mass occsiwwhen the base of the headcut is eroded and the headcut becomes
unstable under its weight and seepage fortles.process is cyclic meaning thateaf

each slope mass failure the headwoigratesby the width of the soil blockailed, a

new impinging jetwill start a new cycle of headcatosion.Owing to the above
mentioned erosion, the widibf the embankment crest decreases and the height of

headat reduces in time, accordingly the overtoppilogv discharge increases.

seaside or riverside «—— — landside

approaching
— breach flow

"6_7' Y impinging

jet

inner water

Figure 2-22: Erosion processeaffectingheadcutstability assuming an erodible bel)
shear erosion along headcut teprface: (2) erosion along headcut slope; (3) scour due to
the impirging jet undermining the base of the headcut and (4) slope mass &diler&hu,
2006)

A mathematical model has been developed based on these four mechanisms. The
shear erosion (1) dn2) is calculated througbquation2-3, where the hydraulic shear

stresses are calculated by:

+ 6£ " Y Equation2-29
whereo is theChezy coefficient] is the water densityQis the gravity acceleration
and"Yis the averaged flow velocity.

In Figure2-23, Y is thejet velocity, "Y is the jet widthand...is thejet entry angle.
The potential core is defined as the regidrerethe jet velocity’Y is constantThe

length and théaeightof the potential corareb andO respectively, whila) is the

lengthof the jet from theentry point to thebed "Ois the depth of the scour hole and
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"Q is the dpth of tailwater above the original foundation.

approaching
breach flow —.__

inner
water level

scour
‘ hole
|—‘-

! -

Figure 2-23: Scour holedue to impinging jet downstream of a head@itu, 2006)

The scour hole development representdeigure2-23is calculated according to
the analytical equation proposed by Stein €&ein and Julien, 1993 the potential

core regior(i.e.0 0 ) themaximum shear stress due to the jgiven by:

tr 6777 Equation2-30

And outside of the potential core (ite. U ) the shear stress ¢alculated as

T 6677 1 Equation2-31
V]

whered is a friction coefficient and is a diffusion constant approximately equal to

2.60. The scour deptis found as:
'O 0OEILl Q Equation2-32

While the scourrate (length/time) can be calculatedthe same manner &suation
2-3:

Q_O 2 6"y ¢ Equation2-33
QO n
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valid for the potential core regiandfor O O the same is instead

QO 6”Y 'O Q

— t Equation2-34
Qo 7 0 Q

in which
O 6 °YOEI Equation2-35

Q isthe erodibility coefficienbf the embankment foundatioh, is the critical shear
stress andl is a costant to be determined experimint&tein et al.(Stein and Julien,
1993)found that* p® for coarsegrained materials antl p8rt for fine-grained
solils.

In Figure 2-22 andFigure 2-23 the headcuttends tobecome unstable when the
scour hole is undercutting through base.For simplicity the surface of the headcut
undercutting represented by the line ERhe figurebelow is simplified as a plane
with a slope angle of 45 degrdeshe horizontalT he slope of the upstream boundary
of the scour h@d has often been found to range betweeni 1400 depending on
soil properties and flow conditior§Stein and Julien, 1993)

approaching
breach flow

F 3

- I »l
- !

Figure 2-24: Sketch of headcut failuf@hu, 2006)
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It is assumed that the soil block CDFdls due tooverturn around the point. E
The forces acting on the unstable block are represdygbny where AB is the
phreatic line dividing the block in two parts: CDBA witkeight 'O and ABFE with
weight"O

Figure 2-25: Forces actingon the soil bloclat failure (Zhu, 2006)

0 and 0 are respectivelythe weight and shear foraxerted bythe water
overflowing on thetop of theblock tog 0 is the pore water pressure acting on the
plane AE 0 and0 arerespectivelythe vertical and horizontal forces due to the
tailwater;. isthe force between the failure block and the new headcut facéQand
isthe force acting on the two lateral surfaces of the block. The forces imposed by the
inner water are generally relatively small and therefore neglected faee.
destabilising érces ar® , 0 , 0 , "0 and"Owhile the resisting forces are 0 , 0 and
"0y . The failure conditions areeached when the moments of the destabilising and
resisting forces equal to zero:

0 Q L Q L Q O, Qr OQ 0Q 0Q Equation2-36
T

whereQ ,Q ,Q ,Qn,Q KO andQ are the lever arms of the respective forces

around the poinE. Following the failure of the soil block, the headoetreatsdby the
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distancew (i.e. the width of the block) a new jet entry point is determined and

therefore a new cycle is started leaglto a new headcut failure.

2.4.1.4 Discussion

The mainconceptual models developed in the past to describe and predict the
physics of headcut erosidmave been presentediowever, to date there isot a
common accepted approach

SITESis based oseveral simplified assumptisnof flow, erosion conditionand
soil propertiesit applies empiricakcorrelations to estimate the headcut erodibility
index determined by fitting procedures to field data collected at NRCS\agonal
Resources Conservati Service) between 1983 and 1994wWahl, 1998) The
conclusion waghat more studies and reseanslere needed to refine tlamalysis of
thetime ofheadcut formatioiTemple and Hanson, 1994)

SIMBA is a research toobeveloped to replicatteadcut erosion testsn
homogeneousarth embankment constructed with fgrained materialgherefore it
is calibrated against specific datase&MBA requiresas inputthe soil unit weight,
the undrained shear strength atige critical shear stressOne of thestrongest
hypothesesf the models thatSIMBA predictsheadcut formation from the top of the
slope (i.e. fromthe downstream edge of the cjesh contrastwith the observed
headcutting mechaniswherethe onsets initially localisedat the toe

BRES applies a stresdbased approach like SIMBA to compute headcut
advancement incorporating the effects of the erodible foundation of the embankment.
However, the equatioreslopted to determine the scour hdlee toa water impingig
jet are stillunderstudy. Uhcertainties related to the velocitglfil at the entry point and
the jet diffusion are not fully understoodn addition, BRES assumes for simplicity
that the downstream profile during overflow evolves into a singlep hadcut and
that the scour hole undermines the headcut along a plane inclined by 45 degrees to the
horizontal,fact for which there are no evidencehe model has been calibrated with
the data offour laboratory experiments. Based on the calibrated soil erodibility

coefficient'Q for these four experiments, a relationship has been established between
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'Q and the available soil properties. With this relationship, the medslvalidated
against the ther twolaboratory experiment&lthoughthe results between the model
predictions and the measurements areessonable agreemerthe importance of
scaleeffect should be recognised. At the same il model validation agash a
failure of a protogpe dike in China in 1998 shows that the magelerestimated the
final breach width(Zhu, 2006)

In conclusion,in all the three models descrihekdeadcutis representedor
simplicity as a vertical cutf the downstream slop&ence the initial phases where the
profile is multisteppedare systematically neglected. In additiggometrical aspects
like slope angle and maximulength of retreaare assumeds part othe conceptual
model.It has been shown thabth SIMBA and BRES considerheadcufailure as a
stability problemand that headcut migration occurs when destabilising forces equals
stabilising componeast
The overflow velocity and hence the hydraulic shear stresses are calouitited
approximate empirical equatior{se. Chezy equationMa n n i eggatog valid
under specific conditions.

Overall it seems thathere is a poor understandinghaiw headcut forms in the first
instance and howhe onset of headcut is related to erosion mechanism at particle

aggregatescale.

2.4.2 ThelLast Generation of Physicalased Breaching Models

The last generation of physically based models is often the result of improvements
of previous versions to overcome some of the key limitations identified.
For example, EMBREAleveloped at HR Wallingford UKupersedeslR BREACH
(Samuel=et al, 2008; Morris, 2011)hat was first introduced betwe&8982001 by
Mohamed HassafMohamedet al, 2002) HR BREACH has been updatetirough
the yearsand differentversionswere produced as part tdsks ofEuropean Union
projects like CADAM, IMPACT, FLOODsite, and FloodProB@orris, 2011; Wabhl,
2017) These initiatives included many laboratory and lescge breach testwhere
the improvements in knowledgedannderstanding of the observed physical processes

as well as key informatiowereused tacalibrate the model
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Other recent models are DLBrea@hu, 2016)and the model developed by Volz
et al. (Volz, 2013; Volzet al, 2017)hat present the noveltgf modelling the
groundwater flow within the embankment structure and considers the effect of suction
induced apparent cohesi@West, Morris and Hassan, 2018)

An overview of HRT BREACH/EMBREA and DLBreach capabilitieand
limitationsis detailed irthe following as these are recognised as the most promising

breaching modelsf the last 10 years.

24.2.1HR i BREACH (Mohamed 2002) evolved in EMBREA HR
Wallingford UK,2012)

HR BREACHand EMBREAadoptprinciples of hydraulics, sediment transport,
and soil mechanics. It predicts breach growth through embankment structures,
providing breach characteristics such as size, shape and outflow hydrographs.
Different breaching mechanisms can be analysed likeav@topping failure oboth
coarsegrained andihe-grained homogeneous embankmeirisluding headcuand
side slope instability; (4dvertopping failure of composite embankments @are,
embankment body and protective layg(8) initial erosion of protective layers like
grass or rock cover;5] internal erosionleading to pipe formatiorthrough the
embankmen{Wahl, 2017) In the following only the overtoppingf homogenous
embankmenis analysedEMBREA introduced several improvemeltike the layered
embankment optiobut the fundamental strategy HR BREACH is hold.

The breach initiation and formation processare modelled by dividing the
embankment in sectionghose spacing must be specified in infig. generally the
spacing $ assumed to be equal to the hdlthe breach width)In this way fow,
erosion and slope stability equations sob/ed sections by sectians

Unlike SIMBA and BRES the breaching process is not discretised in a series of
predefined stages. However, theers must specify in advance an initial notch through
the embankment crest and along the downstream slope where the overflpasruns
shown inFigure 2-26. In addition,surface erosion or headcuttinqust be defined in

the input hencethe user musassumehe expected breaching processes. This decision

is usually based on thanalysis and judgent of theerodibility properties of the
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embankment fill.

Fl ow

Figure 2-26: Division of the embankment in sections and definition of the initial notch
profile after Morris (Morris, 2011)

The EMBRA online guidangeof which an extract ishown inFigure 2-27,
explains that afiinitiation channel constrains the initial breach flow and provides the
focal point for breach simulation. In practical terms, this simulates a hole or dip in the
embankment or dam crest that might arieed number of reasons, resulting in the
focus of overtopping flow, leading to breadh.] When selecting initial breach
channel depth and width, the user is recommended to use small values appropriate to
the case being studied. If breach doesmitiite, these values may be increased. The
user should always consider the practical implications of having to increase the
initiation channel to large dimensions in order to induce breach. Failure to breach an
embankment or dam is a valid output frone 8BMBREA model 6 ( EMBREM
for members | HR Wallingford (dambreach.9grg)

These can be considered as limitations of the model because the mfadleseofind

58


https://www.dambreach.org/tools/members/embrea-members
https://www.dambreach.org/tools/members/embrea-members

Chapter 2

breach onset (i.e. initial notch) should be results of the simulation rather than

constraints to simplify hydraulic and maezoosion behaviours.

For an overtopping failure, the required parameters include the initial breach depth and width, maximum
allowed breach depth and width, initial breach side slope (currently only vertical side slopes are allowed - i.e.
side slope = 0), initial reservoir level, and the equation to be used in the calculation of sediment transport
during the breaching process.

Failure Geometry Material Breach Reservoir Upstream Downstream Computation Run Params
SrE gLy QOvertopping properties 7]
Sediment Transport Equation @ Max. Breach Depth (m) €@
Original Hanson (Cohesive) v 0
Initial Breach Depth (m) @ Max. Breach Width (m) &
0 0

Initial Breach Width (m) €
0

Initial Reservoir Level (mOD) @
0

Figure 2-27. Screenshot from EMBREA Litenline guidance highlighting the inputs
required for the initial notch and selection of erosion equatirosn EMBREA for members
| HR Wallingford (dambredtorg)

Thesequence of calculations in HR BREACH and EMBREA are described in the
flow chartof Figure2-28 after Morris (Morris, 2011)

First, the position of the critical flow section (i.e. section where the flow changes
from sub to supercritical flow along the embankment crest) is assumedliagcto
five methodsA detaileddescriptionof theseapproachess out of the scope hetmut
thesecan be foundn Morris and on the EMBREA websitguidance(Morris, 2011;
EMBREA Lite - HR Wallingford, 2022) It is worth mentioning thathe location of
the critical section ismportant because flow profile upstream and downstream will be
calculated from this section.

The second step the calculation of the discharge through the breBeclh.model
adoptsa weir equatiorio calculate theidcharge at the critical flow sectiavhere a
dischargecoefficient between 1.5 and 2n2ustbe introducedFlow approaches the
embankment credtom the upstream slope within a channel that converges to the

breach width at the upstream crest edge at argngime stepwith a reccomended
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angle of 30 degreeA noni uniform flow equation is used tdentify the free surface
proflebased on the use oforthéeflicdcon8aeni ngos

Def it h@mbank me
geomestecyti on s
through the emb

initiation

v

Calculate criti

v

Calcul ate di scH
profile in al

v

Calcul ate eipaoif

Loo .
P al |l sectio

A4
Sl ope stabilit)y
new breach secti
profile if rot

failure occ

!

New tsitmeep wi th
hydraulic d

Figure 2-28: Flow-chart describing the calculation sequence in HR BREACH and EMBREA
after Morris (Morris, 2011)

Oncethatthe flow profile is knownthe shear stress distributianoundthe flow
section can be determined aindthe thrd stepthe erodedmaterial is calculateglia
sediment transport or erosion equatid§lBREA provides several optiomscluding
a mixture of erosion equation§.e. Equation2-3 style) and equilibrium transport
equationd.e. MeyerPeterMuller, Yang (1979) and BagnolMisser (1997) foffine-
andcoarsegrainedsoils.The routing (i.e. the modelling of the transpdrtie material
once eroded) is natonsideredThe EMBREA website guidance encouragbe use
of erosion equations rather than the equilibrium o8epportis provided through the
guidanceo sekct the erodibility parameters required in input.

At this point, within each time stephe model defines a new breach section profile
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anda new water levefor the next time sfg asA-1-3-B 6C &-2-D and A1-3-B6 1 n
thebelow: It mug behighlighted thathe erosion rates calculated sections by sections,
but an average value is applied each section to avoid large variations between
adjacent sectiondn addiion, it is assumed that the maximum lateral erosigisD
equal to the vertical erosiomDrhe top width is kept constant until slope instability
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Figure 2-29: Breach channel growtltrosssection(a) andprofile (b) after Morris(Morris,
2011)

By default EMBREA considers the stability of the breach sides for each individual
cross section. This means that the analysis for the stability of each section is
independent of those adjacemhe usercan decidéo model only sediment erosion
and in this case the breagtowth is only determined by sediment erosion, or if shear
failure and/or tension failure should be includedthis latter case, breach growth is

given by the eroded materiahdthe instability of discret®verhangingsoil blocks
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occurringdue tooverturn and/or sheanechanisms as shown kingure 2-30a, b.

%

e

(b)

Figure 2-30: Slope stability analysis performed in EMBREA (a) overturning, (b) shear
after Mohamed et a{Mohamedet al, 2002)

In the slope stability analysis, suction is neglected above the wateatabtee
soil is considered dnAlso, change of the water level during failure are assumed to be
slow and therefore these are neglected.

The loopin Figure2-29is repeated until the final failure.

In conclusionEMBREA has beerndentified by the DISG (Dame Safety Interest
Group) as onefdhe most promising breach mod#isitcan bepotentiallyadoptedn
industry practice in futurélhe model has been validated against four historical cases,
seven fieldcases and eighteen laboratory tests, showing positive results.

Among themain advantages it should be mentioned: (1)pthesibility ofsimulating
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different types of failure (i.e. overtopping and piping due to internal erosiorfpr(2)
the overtopping caseboth surface erosion and headcutting canselkected; (3)
complex geomeies ranging from homogenous to zoned and elag (i.e.
heterogenous) embankmeoan beimplemented; (4) breach growik estimated
considering both erosion astbpe stability processes.

On the other handhemost important drawbackse: (1)assumption bthemode
of failurethatmust be pralefined in inpuf(i.e. surface erosion or headcutting)ile
it should be an output of the simulatjd@) assumptiomf the initial breach geometry
where the dimensions of thitial notch must be given in inpufi.e. initial breach
depth and initial breach width) as well as thaximum allowedlepth and width(3)
simplified simulation of the overflow with 1D weir equatioasd calculation of the
hydraulic shear st r es; &) wvanthenreaticatenechaisrni n g 6
is simulatedihe initial location of the headc(ite. crest, toe or crest and toe) must be
specified in inputwhile it should be an output of the simulatidi®) the headcut
migration is computecdopting both the SIMBA (i.e. shear sgdsasedyand the
SITES (i.e. energy dissipation based) methdderefore,in practice,when dealing
with headcutting EMBREA reduces to SIMBA and/or SITES reflecting the
limitations of both (Risher and Gibson, 2016fhe EMBRA guidancerecommends
usingthe maximum results of both calculatiofiMBREA Lite - HR Wallingford,
2022)

2.4.2.2 DLBreach (Wu, 2016)

The first version oDLBreach (i.e. Dam and Levee Breach) waseloped by Wu
in 2013 while the newesteleas€Wu, 2016)was revised taonsidetbothon-direction
and two-direction breach for the coastal and estuarine leyees upstream and
downstream)The proposed model aims to simulate the breach formation in eoarse
and finegrained material®f homogeneous and composite structures triggered by
external erosion associated with overflow or throirgbernal erosiomeading to piping
failure. In the following only the onelirection breach is presentéat homogeneous

embankment
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For coarsggrained material during overflow thbreach forms through ¢h
progressive surface erosioAn initial breach with a trapezoidal cressction is

assumed ai® Figure2-31a, b.

(b)

Figure 2-31 Side view (a) and3D view (b) of the breach channel for coarsgrained
homogeneous embankment during overtiter Wu(Wu, 2016)

For finegrained embankment where breach formation is supposed to occur via
headcutting the idealised geometry considered in DLBreach is shdviguire2-32a,
b.
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o *.‘ Initial
Overfall .,  embankment

Kl

Flat top

Headcut

(b)

Figure 2-32 Side view (a) and 3D view (b) of the breach channel for -fin@ned
homogeneous embankment during overflow &fte (\Wu, 2016)

In DLBreach, the headcig assumed to start at the downstream toe and migrates
upstream graduallyhe crosssections of breach flat top and the section downstream
of the headcut are approximated as trapezoidal, and undergo downauiiting
widening

It is worth emphasising that DLBreach assumes a trapezoidalsgossn of the
initial breach channel for both progressive surface erosion and headcutting.

The flow is simulated with a broacdrested weir equation the intenwe
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breaching periodwvhen the flow conditiosaon the flat top of the breach are considered
to be the criticaland the Keulegan equatia@uring theevolution period when the
flow maybe sukcritical. The latter is a simplified neaniform flow with local head
loss wherean additional term to consider the wind action is addée. differences
between the conditions are presented in the figalew.

s . Broad-crested
— weir flow

Uniform flow

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

. Embankment
~ body

(b)

Figure 2-33: Longitudinal section of breach in (a) intensive breaching period under critical
flow conditions and (b) in general evolution period after fiw, 2016)

The user must specified the intensive breaching period through three options: (1)
intensive breachmperiod is equal to the simulation peri¢2) the intensivdoreaching

period occurauntil the erosion reaches the embankment lbasghen the upstream
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and downstream water levels are higher than the breach bottom elgy3jitime
difference between thgpstream and downstream water levels is less than 30% of the
upstream elevation above the breach bothBreach offers the possibility of
considering the effects of waves in coastal environments to derive- avaet
overtopping discharge. The relativguations can be found in WWu, 2016)

On the downstream slope, uniform flow conditions are assuaretl the
Ma n n i agugpiios is implemented. Tl@m onceagainis to map the flav profile
and the flow depth to derive threlative hydraulic shear stresse$he sediment
transport capacity to compute erosion in cogrsened soils igletermined witha
combination of the suspend&shd formula of Zhang (1961) and the Hedd formula
of Wu et al. (2000) considering the effect of steep slope (Wu 2007)

For fine-grained materials the erosion rate is calculated Baflation2-3, whee
the erodibility parameters should be derived experimentallyJet Erosion Test
(Hanson and Cook, 20Q4krosion Function Apparatu®8riaud et al, 2001) open
channel flume in laboratory and othéevices.In absence of tests data tbetical
shear stress igalculated using the Shields diagram as suggested in SITES. Because
cohesive sediment transports and erodes in flocs, Wu suggested the representative
cohesive sediment size to be 0.03 mm in DLBre@bhs,the critical shear stssis
about 0.15 Pa according tbe Shields DiagramThis value isa lower bound of
cohesive sod in practiceSITES suggestion for the erodibility coefficient an empirical
relationship with thelay content and soil unit weightvu (Wu, 2016)obsened that
the values obtained in this way for the erodibility coefficient are too small, probably
because this relationship was derived in a-#hwar stress regime typical idrface
erosion, while when the headcut develops the breach flow is stromgesponding
to higher shear stresses. Among the two parametersrability coefficient is the
most important because it is found to significantly goverretsion rate.

The sediment transport equations and the skgass based equation fayarse
and dinegrained soils respectivelyrovide the volume of soil logssed todetermine
breach morphology at each tiraep In the progressive surface erosion matthe,
sediment on the side walls above the water surface will fall into the breach channel by

sliding in the case of necohesive sediment and by mass failure in the case of cohesive
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sedimentln this latterfailure should be analysed in termsstidpe stabity which is
affected by soil as cohesion and friction andfiewever, DLBreach assumes the
failure block to be gradually released to the channel bottom like foicoloesive
sediment by particle slidingAt the downstream slopethe profile rotates abothe

toe, therefore here the erosion thickness is zero while it increases along the slope in
the upstream directiohe above processes as modelled in DLBreach are simown

figure.

B+AB

Y

»
g g

',"' Eroded sediment
after adjustment

b+Ab
(@)
Erosion at rmmm—— Breach bed profile
flat top reach - at time level n

4 , Erosion at
Breach bed profile . D/S slope reach

at time level n+1

(b)

Figure 2-34: Progressive surface erosion simulated in DLBredel) crosssection and (b)
profile, after Wu(Wu, 2016)

In the following timestefs the breacltrosssection andhe longitudinal section
evolvewhile the cresis progressively lowered

The stability of the breach side s analysed in DLBreach according &
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simpleplanar failure mechanisas the one showoelow.

., Breach bottom

Figure 2-35. Breach side slope stabilitynodelled in DLBreachaccording to a planar
failure surface inclined byJto the horizontal after W(Wu, 2016)

At each timestep the slope anglein Figure 2-35 is calculated by solving the
stability probleml f t he b val ue changesnttmestepe en t h
mass failurehasoccured Initially the breactside slopas assumed to be vertical due
to the shallow depth of the initial breach channel. When the biesatis erodedhe
breachside walls loose stability antass failure occurs. This leads to reduction of
the side slope. As the breach continues deepening, it widens and its side walls fail
again. When the erosion reaches to theeradlible foundation, only lateral widening
coninues

In the case of headcutting mechanism DLBreach implemergs #nergybased
headcut migration modelgl) the equation introduced in SITES program discussed in
2.4.1.1 (2) and (3) tow equations proposed Bymplein 1992 and 2005 after Wu
(Wu, 2016) The default option is the (2n all these formulations, the rate of head
migration is related to theeadcut height, the unit discharge and a matdapendant
coefficient(i.e. heacut erodibility index in SITES)When the headcut migration rate
is calculated before the headcut has reached the crest a correction factor is applied to
the full embankmentheight H (seeFigure 2-36), to consider the fact that in this

condition headcut migration is faster.
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Figure 2-36: Initial stage of headcut migration after W/u, 2016)

Like EMBREA, DLBreach presents advantagesl alisadvantages. The most
importantinnovation is thaDLBreach allows to model breach in bathections and
considers the effect of wavedhis is particularly useful in coastal environmeshising
storm surge. Like EMBREA external and interreabsion can besimulated and
homogeneous as well as zoned embankment can be studied. Another common aspect
betweerthe two models is the use of 1D brdactested weinnd Manmh g 6 s equ at i o
to computedischarge antlydraulic shear stressspectivelyln DLBreach, eosion of
fine-grained materials is addressed with the common shear stress equation as well as
EMBREA, while a different approach is introduced for granular shil®oth model
the failure modemust be knownn advanceasthe user must specify failure occurs
via progressive surface erosion or headcutting. Admcause the transitions between
these two typical behaviours is not fully understood #recoexistence of both
mechanisms has normally been observed experimengabiyeach modeshould be
capable to predicthe occurrence of progressive surface erosion and/or headcutting
through the simulation of the physical processes involaekerials properties and
conditions. In both modelsyerflow is triggered by cutting an initisreachchannel
whose dimension must bgpecified by the usetherefore an initial breach geometry
must be praleterminedUnlike EMBREA, thestability analysis of thébreach side
slope is less sophisticatedhe main drawback of both models consists of the
modelling of headcut erosionrEMBREA and DLBreach incorporates methods

previously developeih SITES and SIMBA thus reflecting thelative limitations

70



Chapter 2

discussed.

2.5 Conclusions

Despite the progresses achieved, there is a general agreement that the ipredictio
power of thebreachingmodels currently available is still unsatisfactosych that
application in engineering practice is so far very limited.

Morris (Morris et al., 2009; Morris, Kortenhaus and Visser, 2009; Morris, 2011)
identifies a number of reass why the developments in breaching modelling are
progressing slowly. The importance of embankment material types, properties and
conditions at the onset of overflow has been often negleuidilist experimental
evidence show that these aspects goveenntiodes of failure observed. For fine
grained filling materials, the research conducted at the UBRA shows that soill
erodibility can vary by several order of magnitude as compaction water content and
compaction efforts change (Hanson and Hunt, 200A)erGthe importance of the
construction material in breaching processes, the second issue is related to the use of
erosion laws and the relative parameters to incorporate these aspects in the numerical
models. In essence, a breach model should mimic er@sidnslope instability
phenomena hence principles of soil mechanics and adequate constitutive laws must be
applied to represent soil behaviours.

A third issue is related to the effect of embankment size on the occurrence of
progressive surface erosiont@adcutting. This aspect is still to be clarified by future
research. A further question is the model calibration and validation problem. Usually,
models are built based on data sets from laboratory experiments and rarely from field
tests. These models magrform well for that particular dataset, but they might fail
for other cases. Finally, the model validation against data from case studies is likely to
be affected by the uncertainty of associated with the hydraulic and mechanical
characterisation of thembankment and its foundation.

It is intuitive that embankment breaching should be modelled by adopting a
multidisciplinary approach, where hydrodynamics and geotechnical processes are

equally coupled. However, the review of the stt¢he-art revealghat so far the
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problem has been studied almost exclusively within the framework of classical
hydrodynamics. Soil behaviour is described adopting concepts and principles of river
hydraulics, such as sediment transport equation for coarse grained matedals
erosion law for finggrained materials (i.eEquation 2-3). Ideally, the erodibility
parameters of fingrained materials must be assessed expetaiien

A long series of devices have been developed such as Jet Erosion Test JET,
(Hanson and Cook, 2004); Hole Erosion Test, HET (Benahmed and Bonelli, 2012;
Bonelli et al., 2006; Fell et al., 2003); Erosion Function Apparatus, EFA (Briaud et al.,
2001).However, there are still significant uncertainties in terms of test methods of soil
erodibility (Mitchell and Brown, 2018).

Wahl (Wahl, 2010), for example, compared the results of JETs and HETSs tests
conducted on same soil samples. The difference oflelipdparameters found was
about 23 order of magnitude among these two tests. Currently, experimental apparatus
and data interpretation procedures are under investigation (Bonelli, 2019) and a well
consolidated practice is not yet established. Thisusial in the context of breaching
models as the modes of failure driven by surface progressive erosion and/or
headcutting depend quantitatively on the erodibility parameters adopted in input.

The persisting doubts on soil erosion behaviours, the probdecmuntered to
derive representative erosion constitutive models and relative parameters, along with
the needs to consider the presence of an unsaturated zone and the effects of the
infiltration as emphasised by experimental observation, suggest thatottessges
observed during embankment breaching might be explained from an unsaturated soil
mechanics perspective.

The following questions arise:

1.1s it possible to Areplaced the erod
models commonly adopted in geohnical problems?

2. What if the fAerosistm@eios stradbatt ed y&s
can the breaching process be simulated as a slope stability problem at a mini
scale?

To answer these two problems, a new model concept aiming at simulaing

breaching of embankments during overflow is proposed in this work.
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Chapter 3. The Role of Suction in the Onset
of Overflow Induced Flood

Embankment Breaching

Abstract

A suctionbased conceptual breaching model is presented for the fitst ds a
possible alternative interpretation of the maerosion mechanisms typically
observed during the overflow breaching of flood defence embankments. The model is
developed within the theoretical framework of unsaturated soil mechanics, based on
the doservation that the occurrence of a regime of negativewater pressures (i.e.
suction) is the most likely situation encountered at the onset of the overflow. Under
unsaturated conditions the embankment material is characterised by higher shear
strengthand stiffness due to suction, whi ch
When the soil starts to saturate because of the transient infiltration processes occurring
from both the upstream slope and the overflowed downstream slope, the resulting loss
of suction is responsible for a progressive reduction of the soil shear strength.

The conceptual model discussed in this chapter first illustrates qualitatively the
hydromechanical processes involved at the onset of overflow breaching of earthen
embankmentsThese are used to explain the headcutting indgnagned and the
progressivesurface erosion in coarggained soils. Although there is an increasing
awareness of the importance of the embankment material conditions in the processes
of breach initiationand formation, currentlythe common approach adopted in
breaching models still considers hydrodynamic forces developed at the interface
watersoil during overflow and soil erodibility as the main triggering factors for
breaching.

To investigate the relative importance of hydnoaipic shear stresses and loss of

soil strength due to the decrease of suction, a comparative analysis is conducted. The
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stability of an ideal homogenous sHtiay embankment is studied in a Finite Element
Model (FEM) with the strengtheduction method, fotwo scenarios. One considers

the overflow condition only simulated by imposing zero pweger pressure on the
downstream slope and the second case cossideraddition, a distribution of
hydrodynamic shear stresses applied along the downstream Skhygeeonbankment
during the overflow. The hydraulic shear stresses have been determined with the

computational fluid dynamic opesource software Open Foam.

3.1 Introduction

The breaching of flood defence embankments during overflow has been modelled as
an epsion problem of the downstream slope. The water flow resulting from the crest
overtopping is assumed to trigger erosive processes when the hydraulic shear stresses
developed at the wataspil interface exceed the critical shear stress value characteristic
of the embankment material. Based on considerations of hydraulic and hydrodynamics
features of open channel flows, it is understood that the highest erosion potential is
developed around the toe area due to the increasing flow velocities along thadlope a
intense turbulences created by the sharp change in slope at tiécioge R.
Powledgeet al, 1989; Gilbert and Miller, 1991; Wahl, 1997; M. Morris, Dyer and
Smith, 2007; Chaudhry, 2008; Hughes and Nadal, 2009; Heglas2011; Hughes,

Shaw and Hward, 2012)

For many years the research effort has been focussed on the study of soll
erodibility and on the hydraulics/hydrodynamics of embankment overflow, as these
were considered the main factors governing the breaching process. Experimental
investgations conducted via laboratory mod&ssser, 1998; Coleman, Andrews and
Webby, 2002; Zhu, 2006; Morris, Hassan and Vaskinn, 2007b; Schmocker and Hager,
2009; Weiet al, 2016; Asghari Tabrizet al, 2017; Zhao, Peeters and Visser, 2019)
andfield tests(G. J. Hanson, K. R. Cook and S. L. Britton, 2003; Vaskinn, L@voll and
Hobeg, 2003; G. J. Hanson, K. R. Cook and S. L. Hunt, 2005; étuahf 2005; Hassan
and Morris, 2008; Morris, 2009)ave revealed that progressive surface erosion and

headcuttingare the two fundamental maeeoosion mechanisms involved in breach
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initiation and formation.

Progressive surface erosion is typically observed during overflow of eoarse
grained embankments. In this case, the embankment material is removebyiayer
layer like an exfoliation process. The downstream face tends to flatten progressively
starting from the crest and rotating around a ppaht usually located at the
downstream toe (Coleman et al. 2002; Volz 2013). The failure advances rapidly
because the embkment crest is eroded since the beginning of the overflow, implying
a fast lowering of the crest levels and allowing for a significant increase of the water
flow through the breach channel formed. When the downstream face reaches a
minimum slope, erosiotends to continue laterally resulting in the breach widening.

Headcutting has been identified as the critical erosion behaviour efrianeed
embankment fills. In the initial phase of overflow, small steps tend to form
predominantly at the toe area. As erosion progresses, these steps tend to merge into
few large hadcuts, while propagating backwards from the toe to the crest. These
headcuts are vertical or swubrtical in the downstream slope. Generally, one single
large headcut is formed during the backward migration phase which eventually cuts
the upstream edge tife embankment crest resulting in an increase of the flow rate.

Headcut erosion is a much slower process than surface erosion because for long
time local failures are concentrated at the bottom of the embankment while the crest is
unaffected. This meartbat the water flow remains under control until the headcut
recedes back to the crest. On the contrary, progressive surface erosion starts at the crest
and simultaneously along the downstream slope such that the increase of the flow rate
and the failure & very fast. The differences between these two behaviours are
significant from a qualitative and quantitative point of view. The most critical aspect
is the time of breach initiation which is usually much shorter for cegnaeed
embankment. Thereford,is essential to be able to predict when, how and why surface
erosion is expected rather than headcutting.

The occurrence of these two modes of failure has been related to the erodibility
characteristics of coarggained and fingrained soilsMorris (Morris, 2011)explains
that headcutting tends to occur in figeained geomaterials because these are more

erosionresistant than coarggrained soils and therefore can sustain the formation of a
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steppeebrofile.

However, most recent experimental invgstions indicate that the distinction of
macraerosion behaviours based purely on material nature tends tsioyaify the
real physical processes involved in embankment breaching. Other factors such as
material state and embankment conditions are Bakaspects that can significantly
influence the modes of breaching failure.

For example, headcut formation was unexpectedly observed during the test
conducted on a gravelly embankment as part of the IMPACT p(djaskinn, L@voll
and Hoeg, 2003; Hassand Morris, 2008; Morris, 2009T he authors explained that
the most superficial layers of the embankment test froze due to the extremely low
temperature prior and during the test. This resulted in an improvement of the erosion
resistance attributed tthe peculiar frozen condition. More complex dynamics
combining progressive surface erosion and headcutting have been observed also in
other experimental studies. It is shown that headcutting occurs in-gvamnsed soils
under certain conditions assumedenhance the material mechanical behaviour such
as compaction efforts and the existence of negative pore water présdtiRifai et
al., 2009; Pickert, Weitbrecht and Bieberstein, 2011; Mizugaai., 2013; AlRIiffai,

2014; Walder, 2015)

It appeas that erosion mechanisms triggered by overflow are not dependent
exclusively on soil erodibility properties and hydrodynamic stresses induced by the
overflow. The complex interactions between soil behaviour, water flow, embankment
structure and climatetmospheric agents should be considered together to provide a
comprehensive description of the multiple twhependent physical processes
involved in the breach initiation and progression. Despite the latest achievements, the
occurrence of headcutting orggressive surface erosion and the coexistence of these
mechanisms during the same flood event, are still not fully understood. In addition, it
is recognised that there are still many uncertainties on soil erodibility parameters and
model |l i ng ad rt hoiugré teaeprd ach continues
predictive tool for breaching. Other geotechnical processes, like the response of soil to
water infiltration and the variability in time and space of soil conditions are instead

systematically neglected owersimplified.
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Overall, there seems to be a relatively poor understanding of the mechanical and
physical processes behind the concept of erodibility and breach formation. The
headcutting observed when initial negative poeger pressures exist, indepently
of the erodibility characteristic of the material being either sand or clay, suggests that
partial saturation and suction may play a key role in the response of the embankment
to overflow.

This chapter discusses the role played by suction and e@téznt that undergo
variations during the overflow process.
associated with a loss of shear strength of the embankment material due to the decrease
of suction and the increase of the degree of saturation follovmgrd infiltration
from the overflown slope. This can provide an explanation of why headcutting starts
at the toe and why progressive surface erosion is instead noticed at the crest.

Starting from the observation that the hydrodynamics stresses atstbieane the
same for coarsgrained and fingrained embankments, this preliminary study
presents an analysis to investigate whether the dominant triggering factor for breach
onset is associated with hydrodynamic loading or loss of soil resistancesiiotiom
reduction. The analysis of soil behaviour is conducted in the context of the unsaturated
soil mechanics without any reference to empirical erosion constitutive laws. The
analysis is limited here to the onset of the erosion process, i.e. whensaifitayer

is removed once the overflow takes place.
3.2 Towards a new conceptual model for breach formation

Thefundamental idea inspiring this conceptual model is based on the observation that
the soil forming the embankment is usually in an unsaturated state at the onset of
overflow. In normal working conditions and for most of their design life, flood defence
embankments are exposed to low hydraulic heads with water tables located
predominantly at foundation levéDyer, 2004; Dyer, Utili and Zielinski, 2007; el
Mountassiret al, 2011; CIRIA, 2013) Therefore, negative pore water pressures
develop within the mbankment material. Pokgater pressures become even more

negative due to evaporation and transpiration occurring at the embankment slope

77



Chapter 3

surface.

The situation changes drastically during extreme weather events when the rapid
increase of water levels orne upstream side leads to the overtopping of the
embankment crest. Water flowing over the downstream slope creates aeajoasi
waterpressure on the boundary generating high hydraulic gradients responsible for
transient water inflow resulting in variatief the state of stress of the embankment
material. This water flow process is controlled by the hydraulic conductivity and water
retention behaviour of the unsaturated soils, which are governed by suction and degree
of saturation.

A qualitative analysisf the ground water flow processes during a flood event is
illustrated in.Under preflood conditions Figure 3-1a), water levels are well below
the crest and the unsaturated zone above the phreatic surface extends to almost the
entire embankment body. During extreme events, the water levels increase rapidly and
can reach the embankment crest in a few hours. The risen water level produces an
increase oftte total stress on the waterside embankment slope and generates a ground
water flow from the upstream slope towards the embankment body and foundation.
Figure3-1b,c showsthe advancement of the saturation front fuelled by the high river
water level, hence the partially saturated zone starts reducing at a rate that depends on
soil hydraulic characteristics.

However, at the onset of overflow a large portad the embankment is still in an
unsaturated state. From this point onwards the overflow is established, and flood water
starts to penetrate along the downstream slope, driving a second infiltration process in
a suborthogonal direction to the slope, sisown inFigure 3-1d. As the overflow
proceeds there is a continuous inward infiltration, which causes a progressive increase
of the degree of saturatiand a reduction of suction in the most superficial layers of
the downstream slope.

In essence, the soil constituting the embankment experiences two main infiltration
processes, a first one from the upstream side due to the increase of water levels and
the second one, along the downstream slope due to the overflow. Both processes cause
the advancement of the saturation front within the inner part of the embankment and

hence a reduction of the partially saturated zone.
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INITIAL CONDITION INCREASE OF WATER LEVELS
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Figure 3-1: Ground water flow process and propagation of the saturation front within an

embankment during overflow. (a) Initial condition; (b) increase of river water level and

infiltration from the upstream slope;)(overflow when water levels exceed the embankment

crest; (d) overflow progression and infiltration from the downstream slope as well as from
the upstream side.

The importance of studying the response of embankment material to water
infiltration is relatedto the cognitionthat geomaterials in the unsaturated zone are
characterised by higher resistance and stiffness than the same soil in a fully saturated
state(Tarantino and di Donna, 2019f suction is held for a long period, failure
processes are ipr i nci pl e del ayed because of t hi
However, when pore water pressures increase as consequence of infiltration (form
negative towards zero positive values), the embankment material experiences a loss
of that additional strerlj given by suction and becomes more prone to fail. The
guantitative prediction of this phenomenon requires the study of a-hyeltbanical

problem to enable determination of the changes of soil shear strength during overflow.
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3.2.1 Shear Strength of Unsaturat8ails

The effects of suction and unsaturated conditions on soil shear strength have been the
focus of numerous investigations in the past years. Several shear strength criteria are
available in the literature, which can be subdivided in two broad cagsgtepending
on the stress variables considered. In one approach two independent state variables
(i.e. net stress and matric suction) are introduced and the effects of partial saturation
on shear resistance are purely related to suction.

In this work, the shear strength unsaturated soil behaviour is studied by
considering the BDbD(@®BibhopaddBlightfl968)ct i ve str es:

w w0 .0 0O Equation3-1
where, is the total stress, is the poreair pressure (and 6 is the total net stress),
0 is the porewater pressure and.is a soil parameter expressed considered in
function of the degree of saturatian "Q"Y . If the atmospheric pressure ssamed

as referencesquation3-1 becomes:

” ” e i Equat|0n3'2

wherei 0 indicates the matric suction.

For dry or fully saturatedmmeoroilp t he |
respectively and the Bishopbs effective s
formulated for a twgphase material (i.e. solid particle andgsapore fluid).

The MohrCoul omb failure <criterion expresse
stress accounts for the independent contribution of suction and degree of saturation to
the ultimate shear strength of unsaturated soils. Different formulatiaves bheen
proposed depending on the meani.blgengattri b
Zhou and Fredlund, 2011pespite the criticisms highlighted by several authors and
the advancement achieved in the last dec@dasapalliet al, 1996; Tarantinand
Tombolato, 2005; Tarantino, 2007; Tarantino &ldMountassir, 2013)the most
popular approach considers Y which provides the following ultimate shear

strength for partially saturated soffSberg and Sallfors, 1997)
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. oA Equation3-3

w , Yi OAl
where® is the effective cohesion, (kN/m) is the Bishofpods ef
(kN/m?) is the total stresssis suction KN/m?), S is the degree of saturation ands

the O0saturated6 anbEpladon3etan Betbettarexpresgedase si st

T & , OAT "YiOAI Equation3-4

It is worth noticing that this approach implies a coupling between shear strength
and water retention behaviour of the unsaturated soil through the relationship between
matric suction andefree of saturation (i.e. the soil water retention function).

The term'Yi O Al in Equation3-4 represents the additional component of the
shear sength due to suction and it is often referred to as apparent cofiEsrantino
and di Donna, 2019) This contribution is "Wwpighedo
meaning that for the same suction, different degrees of saturation provide different
values of the ultimate shear strength.

Apparent cohesion is fleeting in the sense that it disappears once suction drops to
zero. However, the soil constituting the emkment can take advantage of this
additional strength for long time, as the unsaturated state tends to persist and evolves
according to the water infiltration process governed by the soil hydraulic conductivity

and water retention capacity.

3.2.2 StressState at the Embankment Toe

The comparison between the different positions that the phreatic surface takes in the
phases preceding the overflolsidure3-1a,b,c) and after the overflowrigure 3-1d),

shows clearly that the most vulnerable embankment part is the toe. There are two
reasons for this: (1) Wler preflood river conditions, the embankment toe is
characterised by the lowest suction, since this is the unsaturated zone closest to the
phreatic surface; (2) the toe is the point in which the saturation fronts from the
upstream side and from the downeam surface, are likely to meet first, causing the

saturation of soil and a faster reduction of the shear strength due to the loss of the
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apparent cohesion. The embankment material at downstream toe is weaker than soils
in regions faraway and therefotad more prone to fail.

This concept is representedRigure3-2. In the Mohr plane a typical stress state
near the toe and another one near the aresshown for the initial condition (green
circle) and for the overflow phase (blue dotted circle). The change of effective stress
due to the overflow is more significant at the toe and it could lead to a stress state that
lies on the failure envelopd-igure 3-2b). This loss of strength of the embankment
material can be considered one of the primary reasons why the breach initiation is
observed initidy at the toe for the headcutting erosion mode. fgireened materials
characterised by a low hydraulic conductivity tend to hold suction for a relatively long
period due to the slow changes in pore water pressures caused by the transient water
flow. Thisis particularly true towards the crest where the initial suction is much greater
than the toe and the state of effective stress tendditeellégure3-2a while overflow
IS progressing.

On the contrary, coarsgrained geomaterials are much more permeable and tends
to saturate quickly. Because the water flow process is rapid, apparent cohesion is
erased almost simultaneously at both crest and toe, resulting in a different mode of
faluressich as the one referred to as Oprogre

To conclude, the qualitative analysis of the geotechnical mechanisms occurring
during overflow shows that the infiltration processes and the associated change of the
soil shear strength due tanvation of suction and degree of saturation can lead to local
instabilities and hence failure of small portion of embankment. At the same time,
breaching models developed so far assume that the hydrodynamic forces are the
predominant trigger of erosiongtability neglecting the phenomenon of shear strength
reduction described above. However, the hydrodynamics of embankment overflow is
an invariant for the types of embankment materials and hence the onset of breach
should exhibit similar features for bdiihe-grained and coarsgrained soils. Instead,
different modes of breaching are observed suggesting that shear strength loss induced
by water infiltration suction plays a key role in initiation and progression of breaching.

To prove this concept, the bility of an ideal homogeneous embankment

subjected to a flood event is analysed with a finite element model (FEM). The effects
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of hydrodynamic forces and soil shear strength reduction on the onset of breaching are
assessed by comparing the factor of gaféth regards to the embankment stability
calculated with and without the application of the hydraulic shear stresses along the
downstream slope. The hydrodynamics forces developed at the interfaceaiades
derived in a separate model based onithieefvolume method (FVM) solution of the

3D Reynolds averaged Naw8tokes equations.
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Figure 3-2: Representative stress states (a) near the crest (b) near the toe. Green lines are
referring to the initid condition. Blue lines represent the overflow event

3.3 Hydrodynamic Analysis of Embankment Overflow

The embankment overflow problem resembles the situation of anchamel flow

over a broadrested weir. This falls within the category of rapidly vafiew, where

the flow depth tends to decrease downstream as the flow regime becomes supercritical.
The decrease of water depths in the direction of flow results in an increase of flow
velocity and shear stresses. When the water flow reaches the toecaitihekment

the slope changes from steep to mild inducing possible formation of hydraulic jump,

great turbulences, and energy dissipatfsdiscussed i@.1the hydraulic jump tends
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to form when the downstream flow is subcritical, implying an abrupt increase of the
waterdepth Becauseailwater is not present at the downstream toe it is assumed that
no hydraulic jump will form and the transitiorom supercritical flow at downstream
toa is gradual with a little increase of the water levels.

This mechanics is qualitatively representedFigure 3-3 in terms of water
velocity profile and associated shear stress in the direction of flow. The shear stresses
are proportional to the slope of flow velocity through the fluid viscasitgccording
to the Newtonian fluid constitutive model.

It is worth noticing that rapidly varied flows are characterised by significant
vertical acceleration and the assumption of parallel streamlines which allows assuming
a hydrostatic pressure distribani over the water depth becomes invalid. This means
that the shallowvater theory adopted for gradually varied flow is not applicable and
the study of the water flow requires a tdimensional or thredimensional analysis
(Chaudhry, 2008)

However, mos of the breaching models available in literature describe the
hydrodynamic of overflow with reference to breagsted weir equations or
implementing shallowvater equations. In the first case, the discharge is empirically
related to the flow depth overd weir. Once that discharge and flow depth are known,
empirical relations | i ke Manningdbds or Cl
calculate the shear stres¢€dlbert and Miller, 1991)

The second approach is based on simplified Reynolds aveNmedrStokes
equations derived from the hypotheses that flow velocity is constant in normal
direction and that pressure distribution is hydrostatic. Conservation of mass and
momentum provide a set of two partial differential equations (i.e. shallow water
eqguations) which can be numerically solved to assess the flow velocity field. The shear
stresses are determined again with reference to empirical friction for(Ddbastre
et al, 2017)
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Figure 3-3 Waer flow associated with the overflowith theincrease of shear stresses
downstreanand fow velocity and shear stress profiles along the direction of flow in Section
A-A

In this study, the calculation of the hydraulic shear stress is performed with the
aid of computational fluid dynamics (CFD). This comprises a set of methodologies
developed to analyse multiple fluid flow problems by means of computer simulations.
CFD codes are built around the numerical algorithms implemented and typically
consist of: () a preprocessor; (2) a solver and (3) a ppicesser. The prgrocessor
deals with the definition of the inputs to be provided to the CFD program, such as
geometry, mesh, boundary conditions and fluid properties. The solver implements the
numerical tebnique which transforms the governing partial differential equations in a

system of algebraic equations solved by an iterative method. The numerical technique
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most adopted in CFD is the Finite Volume Method (FVM) because it mirrors the
physics of the conseation principles underlying the fluid flow problems. Essentially

the FVM transforms the partial differential equations representing conservation laws
over differential volumes into discrete algebraic equations over finite volumes. In this
way the FVM repoduces the concept of control volume (i.e. Eulerian formulation)
where the integration of the conservation equations is performed. The volume integrals
are expressed as the averaged value over the cells, while the surface integrals are
replaced with the snmation over all the bounding faces of the control volume
(Moukalled, Mangani and Darwish, 201&)inally, the posprocessor is a software
which enables to visualise the results.

Among the different CFD tools available, OpenFOAM (Ogenrce Field
Opemtion and Manipulation) has been selected to solve the overflow problem over the
embankment. This is modelled as a sdikéd boundary.

OpenFOAM is a set of preompiled C++ libraries that take advantage of this
objectoriented coding language to writevariety of executables. These are divided
in: (1) utilities for the preand posfprocessing tasks and (2) solvers, designed for
specific continuum mechanics problems, including compressible and incompressible
fluid flow, multiphase flow, and free surfadw, considering various turbulence
modelling techniquefWeller et al,, 1998; Moukalled, Mangani and Darwish, 2016;
Greenshields, 2021)

3.3.1 The interFoam solver of OpenFoam

In the context of CFD, the embankment overflow is a multiphase flow problem tha
requires the assessment of the fsagface. The OpenFoam solver for this case is the
interFoam solver specific for two (i.e. air and water in this case) incompressible,
isothermal immiscible fluids. The Volume of Fluid Method (VOF) phfaaetion
basedis implemented in interFoam to predict the fseeface. The mathematical
formulation of the NavieStokes equations, the turbulence modelling, the
discretization according to the finite volume method (FVM) and the application of the
VOF in interFoam areascribed in Appendix AThe essential concepts and equations

are summarised below:
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no0 1 Continuity Equation

) no"¢ 0 o onow "] O Navier-Stokes Equation

where” is the fluid density¢  Ohoh: is the threadimensional velocity field,
(therefore” ¢ is the momentum per unit volume), p is the pressife,the viscous

stress tensol, is the gravitational acceleration assuming that the only external body
force acting on the fluid is gravity is an internal force associated with the surface
tension generated at the interface separating the two fluids. The viscous stress tensor
Wfor a Newtonian fluids defined as:

nOW nd‘no no Viscous Stress Tenst

where' is the fluid dynamic viscosity.

The volume of fluid method (VOF) is based on the volume fradipa scalar
indicator function, ranging between zero and one. A value of zero indicates the
presence of one fluid and a value of unity indicates the preséribe second fluid
only. On a computational mesh, volume fraction values between these two limits
capture the interface and the values itself indicates the relative proportions occupying
the cell volume.

o pgzs ‘l(lﬁiflifbvév W00 EXWDEQQ N
| ahuhaho Tip "Qév ‘l(}i’rviffg(rb ~(3()}‘15'(‘222(2‘5 0 Qi QOwWQ
Q¢ ichuhahd € w w6 PEXABDCQQ
Therefore, an additional transport equation for the fun¢ti@introduced in the

set of equations to address the interfacélpra:

T

o nO|1¢ 120y p | m Transport equation foa

where¢ | ¢ p | ¢ isamixture velocityand, ¢ ¢ isthe vector of
relative velocity between the two fluids.
The surface tension force is modelled in interFoam as an approximation of the

gradient of the volume fraction
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o , ||T[$),,—,,”{ . Y Surface Tensior

wherell is the curvature andis the surface tension coefficient (defined as the amount
of work necessary to create a unit area of-fnedace).

OpenFoam uses a modified form of the pressure p* (p_rgh in OpenFoam), which
removes the hydrostatic pressUIa:)o from the pressure p, i@ n " | D
and thereforar)® nnp "] | o

The final form of the momentum equation to be solved is therefore:

T ”0 -
D270 6 nofnd
T o

NavierStokes

Y nd Nt I LY Equations

This form of the NavieStokes equations, the continuity equation, the transport
equation for| are solved together with the constitutive relations for density and

dynamic viscosity:

where” ' H H are the density and dynamic viscosity of the two fluids
respectively. Additional two transport equations are considered for the turbulence
modelling according to the RANS (Reynolds Averaged NaSiekes) methodology.
The SST ky model is adopted in thistudy as it has been proven to be a good
compromise betweethek i Umodel and thé - ¥ model. The first allows obtaining
accurate solution of fully turbulent flows and the second provides better results when
the fluid motion interacts with a solid suct(Versteeg and Malalasekera, 200IMis
latter problem is the focus of the CFD simulation for the embankment overflow with
the final aim of calculating the wall shear stress along the embankment slope.

The problem definition is completed with the iaitconditions and different types
of boundary conditions defining the values of the variables or their gradients at the
inlet, outlet and walls (i.e. solid faces). The solution procedure is outlined in the block

diagram:
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Figure 3-4: Solution procedure implemented in InterFoam afk&rchagova, 2017)

A typical flood event scenario leading to the embankment overflow is shayne
3-1. The sketch describes qualitatively the two transient water flow processes that can
be triggered under extreme weather conditions. Water flow from the upstream side due

to the rapid increase of éhwater level behind the structure. The resulting high
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hydraulic gradients drive a water movement from the upstream slope towards the
embankment body. Afterwards, once that the overflow is established, a thin layer of
water is formed on the surface andoffowater starts to permeate inward along the
downstream slope. This generates a second transient water flow due to the differences
in porewater pressures between the surface, subjected tczgragpressure, and the
inner zones of the slop&/hen thesewo water flows occur, pore water pressures vary
in space and time. This implies that the soil constituting the embankment is subjected
to changes in the effective stress states and, consequently, the soil skeleton deforms
affecting the water storage capgcil o capture these processes a falyipled ground
water and deformation analysis should be performed by solving simultaneously
continuity and momentum balance equatifrerantino and di Donna, 2019)

For a twaedimensional water flow in X and Y dicgdon, assuming isothermal
conditions, incompressible water and solid grains, the continuity equation can be

written as:

U 0 3B 3
oTh BT

o ® O T o Equation3-5

whered and0y (m s?) are the flow velocities in X and Y directions respectivelig

soil porosity,"Y is the degree of saturation adgb) is time.

The flow of water through the soil i s
‘ ] Q

v Q'I'_(b Equation3-6

‘ a1 Q

v QT_(b Equation3-7

where’Q andQ (m s?) are the soil hydraulic conductivities in X and®, @ —

is the hydraulic head, witth (m) elevation of the element consideréd, (N m?) is
the water pressure ahd (N m) the unit weight of water.
By substitutingeEquation3-6 and Equation3-7 into Equation3-5 the following

eqguation is obtained:
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T_ TQE) T_ "‘Q&) ¢ i “YT_é .
T O T o! ! o O 1o Equation3-8

Equation3-8i s a form of the Richardso6é6 equat.
flow in saturated as well as unsaturated soils.

For the case under study, the most likely condition of the embankment iretteria
the onset of overflow is the unsaturated state. This means that the degree of saturation
3 and the hydraulic conductivifin Equation3-19 areboth function of suction via
the water retention behaviour of the soil constituting the embankment. In the
unsaturated state, changes in porosity associated with changes-waper@ressure

are relatively smalland the term’Y— is negligible compared to the variation

associated with the terra—. In other words, water volume variation is only
associated with changes of the degree of satur8tionder this assumption along
with the assumption of isotropiaterial Q.  Q  Q, the water flonequation can

be written as:

T_TQ() T_O_w T_TQ(’) T_O_w

T T or I w T wr
B O 10 Equation3-9
T 70

The assumption of negligible changes in pdyosiso uncouples the hydraulic
problem from the mechanical one, i.e. solving the water flow equation does not require
the simultaneous solution of the stress balance equation.

The solution of the water flowequation provides the poveater pressure
distribution in space and time. Because hydraulic conductivity and degree of saturation
depend on the unknown penater pressurezquation3-9 is highly nonlinear such
that it can be solved analytically only for specific forms of hydraulic conductivity and
water retention functions. Most commonly the solution of the water déigmaton is
achieved with numerical methods. Its integration is possible once that initial and
boundary conditions for the problem of interest are specified and once that the

hydraulic behaviour of the unsaturated soil is characterised.
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This is defined by tweharacteristic functions: (1) the Soil Water Retention Curve
(SWRC) describes how the degree of saturation varies with suction, indicating the
different states of saturation (i.e. saturated, gsasirated, partially saturated and
residual) which the soitan experience in different range of suctions and (2) the
Hydraulic Conductivity Function (HFC) states the concept that water movements
within the soil skeleton depend on its saturation state-\Rater can move more easily
if there is a certain continyiin the water phase, while, on the contrary, when the pore
space is mainly occupied by air, water movement is obstructed like if the pore size is
reduced, and the soil results therefore less permeable. In this sense, the hydraulic
conductivity is typicdly presented as a function of the degree of saturation, where the
saturated hydraulic conductivity is scaled by relative hydraulic conductjtyhich
is a function of the degree of saturation Q@ JQ Y .

In this work, the ground watdlow processes associated with the embankment
overflow are solved with a finite element approach implemented in the software Plaxis
2Dv.20180 0 Pl axi s 2018, .Users Manual 6, 2018)

3.5 Soil Slope Stability Analysis

This study aims to investigate the stabilof flood defence embankments under the
effects of two possible mechanisms occurring during overflow, which are responsible
for a drop of the Factor of Safetye( FOS) with respect to the condition prior to the
flood. The reduction of the FoS, defined the ratio between the forces resisting
movement and by the forces driving movement, is due to an increase of the
destabilising forces and/or a decrease of material shear strength.

For the case of flood embankments subjected to overflow, the focus(ik) dime
destabilising effect associated with the hydraulic shear stresses developed at the
interface watesoil during overflow; and (2) the reduction in shear strength of the
embankment material due to the progressive loss of suction resulting frovatdre
flow processes described Fgure 3-1. To demonstrate the relative importance of
these two sources of instability, the FoS is calculated wittwathdut the application

of the hydraulic shear stresses estimated with the hydrodynamic analysis. The
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reduction of soil shear strength material is characteriséjbgtion3-4, i.e. soil shear
strength is a function of the soil mechanical properties (effective friction angle and
effective cohesion), total normal stress, and suction and degree of saturation, which
vary in space and time as the water flawgvesses.

Let us imagine that the downstream slope behaves like an infinite slope
(approximation valid for the most superficial layers), and let us consider the

equilibrium of a slice.

Figure 3-5: Forces acting in an infinite slope

The FoS for the case Bfgure3-5is given by:

oY T w , OAl 0 YOAI Equation3-10

ar AT| OO0 Al @ 6 "YOAI
T

. e, . — Equation3-11
T ad OEBIAIIO af OEBIAITO

"0y

wherel (KNm?) is thesubmergedinit weight of the sojlzis the vertical coordinate

(m), (i ds the soil friction angle (rad}p is the effective cohesiotkNm?), uy is the
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porewater pressurekNm2), S is the degree of saturatios,(f is the hydraulic shear
stress KNm2) associated with the hydrodynamic flawd (rad)is theinclination of
the infinite slope to the horizontalhe case of the infinite slope has been first studied
with a simplified analytical approacllescribedn Appendix B.The most important
outcomeis thatthe crest is characterised by the highest Be&usehe initial value
of suction is 6.kNm, while the hydraulic shear stress derived from the CFD analysis
is 0.125kNm2. This isconsiderablylower thansoil strength alsoenhanced by the
contributionof apparent cohesioAfter 5 hours of infiltration due to overfloyguction
isimposed to beero on the surfagéutit is 8 kNm2at shallow depth (i.8cm below
surface level) increasy downwards Thereforeno soil movements triggered This is
because the infiltration process is governed byhgltraulicconductivity that on turns
depend on sucion. At the crestthe hydraulic conductivitys lower than the toand
the most superficial layers of the infinite slope rematable because apparent
cohesion persists throughout the overflow durations considered (i.e. 1 hour, 5 and 24
hours).In other words,he upper and middle zones of the downstreknpearestable
becausesvenfew centimetredbelow the surfacehe order of magnitude of apparent
cohesion isone time bigger than tharder of magnitudef the hydrodynamic shear
streses preventing the formation of shalldailure surfaces

At the toe,in preflood conditionsthevalue ofsuctionis 20 kNm, that islower
than the initial valugresentat the crest, busanywayhigher than the hyddynamic
shear stres§.e. 0.2kNm?). However,in the toeareathe materialis more permeab)e
due to the suction dependence of the hydraulic conductifier an assumed
overflow of 5 hours suctionon thesurface iszeroandit is almost zero in the soll
layer just belowthe surfaceln fact, at 3cmfrom the top leveljt is found a value of
suction of 0.0 kNm™2, Thisis lower tharthe0.2kNm stressnduced by the overflow
The toe ighereforeunstablebecause of the very rapid dropsoiction The exercise in
Appendix B. shows that thérst 4 cmof the slopareii wa s h e di.ed&daBa 9.72) (

It is worth specifyinghatthis simplified assessment has been conducted with an
ideal materiabssumingan effectivecohesiorequal tozero.It is evident that for fine
grained material even a smeffective cohesion can considerably improve the stability

at shallow depthForthe case analysed Appendix B.the toe area would have been
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stable with a rimimum effective cohesion o®.2 kNm? equal to the hydraulic shear
strescalculated in the CFD model.

Even if the infinite slop is an ideal and simplistic examplié providessome
preliminary general indications on the role of hydrodynamic forceasnd their
interactions with differentypes ofsoil. Besides, the analogy with the infinite slope
idealisationcan explain theprogressive surface erosi@bservedin coarsegrained
geomaterialeind why this isunlikely to occur in finegrained onedn more details,ti
has beershown that permeablsoils without effective cohesion, like coargeained
ones canfail at shallow deptHi.e. first2 cm below ground surfade Figure 3-6b)
becausehe hydrodynamic shear stressssociated with the overflow present values
that areonthe same ordeof magnitudeof the soil strengthln the infinite slopecase
the resulting shallowfailure mechanisis are associated withhe formation of
superficial slipping planeshat are analogues tbe exfoliation orthe layer-by-layer
soil removal, typically describedin progressive surface erosio®n the contrary,
shallow failuremechanismare not predicteth the case ofine-grained geomaterials
During an overflow evat, because of the characteristiclow permeability fine-
grained materialsan benefit of thenatural reinforcement given by the apparent
cohesion for relatively long periodparticularly at the crestOn the other hand
superficial instabilities are unlikely to occevenwhensuction drops to zerdike the
toe areaTypical values okffective cohesiomf fine-grains soils will be still higher
than the hydrodynamic shear stiga®venting the formation of superficial modes of
failure. In addition, thempactsof the effective cohesion on the stability of the infinite
slope are significant on the surfagéhile tend tobe attenuatd with depthas shown
in Figure 3-6b. The effects of apparent cohesion and the bictierm areinstead
increasing with depth

It can be concludedhat thanks to theontribution of effective cohesionthe
stability of the most superficial layers is not undermibgdhe overflow Failurestend
to occurwith deeggr mechanisminvolving largersoil volumes like in theheadcutting

affecting soil blocks
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Figure 3-6: Different contributiors of (a) friction, apparent andffective cohesion on the
total FoSof an infinite slopgb) FoS when cohesion is neglected.
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In this chapter, the embankment stability problem is analysed with a finite element
approach with the aid of the software PlaxisB Pl axi s 201 &018)User s
Themethod implemented calculates the changes of effective strasdvimyg a fully
coupled flowdeformation analysig he effects of partial saturation are included in the
soil shear strength criterion.

In Plaxis 2D, an indication of the FoSaesbt ai ned by per f or mi
cal cul ation based on the streanigthededtuicoi
This technique consists in reducing progressively the mechanical soil strength

properties in small increments until failure occurs. fhal multiplierB 0 provides

the soil strength parameters at a given {step:

o R
BU i Equation3-12

The safety analysis starts withBa) p and in the following timesteps it

increases as the material strength parameters are reduced. The failure occurs when a
fully developed mechanism can be identified in the displacements or deviatoric strain

contours plot and the associat2d provides he FoS
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3.6 Application to an ideal homogeneous embankment

To demonstrate the role of suction in the breaching mechanisms of flood defence
embankment during overflow an ideal homogeneous embankment is studied under the
hydrodynamic and hydrmechanical poindf view. The geometry is shown kigure

3-7. The height is 6m, the crest is 2m wide, the inward and outward slope angle is 23

2m

: :

6m

P N

Figure 3-7: Crosssection of the ideal homogeneous embankment modelled

3.6.1 Hydrodynamic Model in OpenFOAM

The starting point adopted to set up the OpenFoam case is the Spillway Tutorial
(Olsen, 2012, 2015)The methodimgy and the structure of the OpenFoam case are
outlined in the block scheme kigure3-8.

The first step is to generate the computational mesh. $rcdse the blockMesh
utility of OpenFoam has been adopted that reads the blockMesh dictionary stored in
the System directory and writes out the mesh data in terms of points, faces, cells and
boundaries. In the second step, the phase fraaigsis spedied in the setFieldsDict
stored in the System directory by running the utility setFields. This is required to assign
the initial water regions to specific cells behind the embankment. The most important
aspect in this case is the calculation of the skass and therefore the ppsbcess
object function wallShearStress must be included in the controlDict dictionary.

The material properties and the turbulence type model are specified in files stored
in the Constant directory. Ultimately, the initiahdaboundary conditions for each
vector and scalar field, are provided in the 0 directory, which represents the time zero

of the simulation.
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After the launch of the interFoam solver, other directories are created at the
specified timestep. These direct@s are named after the corresponding tste@ and

contain the database of the flow solution visualised in Paraview.

Set directories and containing files:

Set OpenFoam case System
folder controlDic

BlockMeshDict
Generate Mesh Y BlockMeshDi
fvSchemes: d
fvSolution:

‘I I‘ I

Set indicator setFieldsDict P . -~ - L
function a E— f\eg ’_5‘_ 5;‘7 al vol o and &
. transportProerties Constant _ ) .
Set ph‘ysu:al turbulenceProperties : ase of points, faces, owner, neighbour and boundary cells
properties and
turbulence model g
transportProperties
surfa 1
v ilati f e fie
— — compilation o
Set initial conltlons 0 directory
and boundary
conditions of each field Time directories
0: co the initial values and boundary conditions of the individual fields (i.e. velocity
v interFoam P
Solver interFoam solutions
solutions
v
/ Post-processing / _— visualise results in Paraview

Figure 3-8: Block scheme of the procedure to set up the OpenFoam case

3.6.1.1 Computational Mesh

The blockMeshDict is compiled such that the flow domain is divided into 8
hexahedral blocks identified by 8 vertices each (i.e. points with coordinates X, vy, z).
The blocks contain 75 and 30 cells in the in X and Y directions respgctvgle 1
cell is considered along Z. Strictly speaking the geometry is-tlilmensional but a
very small thickness is assigned along Z. In this way the problem can be approximated
to a twedimensional configuration as it is shownHFigure 3-9b.

The computational domain extends laterally 20m from the two embankment toes
and 12m above the crest as can be seéigire3-9a. A more refined discretisation
is adopted around the embankment slopes and above the crest, which are the regions
of interest for the calculation of the wall shear stress and/ditex-air interface. Here

the block cell size is 0.26m in X, 0.27min Y and 1m in Z directions, while it is 0.45m
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in X, 0.33m in Y and 1m in Z directions towards the boundaries. In total there are
28762 points, 14100 cells, 56680 faces of which 2792Mézenal faces.

Another essential aspect of the mesh description is the boundary of the flow
domain, which must be provided in the 1|
dictionary. Every boundary is broken into patchesamed with an appropriate
keyword. A patch is identified by a list of faces and it is characterised by its type,
which can be either geometrical constraints (i.e. wall, empty, wedge, etc.) associated
with that region or a generic type ndpat
information are required, but some boundary conditions must be specified.

In this application, the left boundary is split into two patchiegetWater(from 0
to 6m in height) andletAir (from 6m to 20m in height) described by the generic type
A pat c hight haddside is nameautlet (from 0 to 20m) and the top boundary
atmospheret he generic type fApatcho is assign
boundaries are namednbankmera nd t he patch type is fdwal
boundaries. The two pdtesfront andbackare planes with normal in the Z direction
for which the solution is not required (i.e. the analysis isdweensional in X and Y),
therefore theseregiomsr e defined as an Aemptyo patch
shown inFigure3-9b.

The meshing process is completed by setting the initial water regions for which
t he scalar i ndicator funct icas@aninidal watera. wat
level of 4m is assumed as starting point of the simulation as shadvigure3-10. In
order to run the setFields wutility a fil
directory which specifies the boundary condition for the field alpha.water. After
running the utilitysetFields an alpha.water file is generated in the O directory which
contains the list of the cells where alpha.water is one and the list where alpha.water is
0.
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Figure 3-9: Computational domai implemented (a) view in the planeXY(b) three
dimensional view showing the meecell and the small thickness in the Z direction.
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al phat =T I4m

Figure 3-10: Initialisation of the function alpha.water to set the imitwater region up to
4m from the bottom boundary

3.6.1.2 Material Properties

Materi al properties specified in the
kinematic viscosity (nu) for water and air and the surface tension coefficient (sigma).
The values adopted in this simulation are presented in thebizlole.

Table3-1: Fluid Properties for the embankment overflow problem

Water Properties Unit Symbol Value
Density Kg m3 rho 1.0x16
Kinematic viscosity m? st nu 1.0 x 10°
Air Properties Unit Symbol Value
Density Kg m3 rho 1.0
Kinematic viscosity m2 st nu 1.48 x 1@
Properties of both phases Unit Symbol Value
Surface Tension N m? sigma 0.07
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The gravitational acceleratianis uniform across the domain and acts in the Y
direction, therefore the filg is set equal to the vector {8.81 0) m Z. Ultimately the

file AturbulencePropekiguexlddo i s specified

FoamFile
version 2.8;
format ascii;
class dictionary;
location "constant”;

object turbulenceProperties;
E ¥ XK OE X ¥ ¥ ¥ E X X ¥ ¥ K ¥ ¥ X ¥ M ¥ ¥ N ¥ N X ¥ XN ¥ X k. X K X X 3 "‘
simulationType RAS;
RAS
I
8
RASModel kOmegassT;

turbulence on;

printCoeffs

1
¥

J) FEEEEAEEREERE LR

Figure 3-11: Turbulence model specified to solve the RANS equations

In this simulation the RAS or RANS methodadopted, for which additional
equations must be included to predict the Reynolds Shear Stresses resulting from
turbulence effects. Different types of models are available in CFD, based on the form
and number of the additional transport equations introdu€ed the embankment
over fl ow pSheabStressilrandpdrtdSSTHy&model (i.e. komegaSST in
the figureaboveg is chosen, because it constés a good compromise between the
solution of fully turbulent flow (i.e. hi
low Reynolds number). More details about the mathematical aspects of turbulent fluid
flow problems and the different types of sabutimethods available in CFD are
presented in Appendi&.2 Turbulence ModellingHere it is also discussed why the

SSTky model has been chosen among the poss

3.6.1.3 Boundary and Initial Conditions

The mathematical definition of the transient fluid flow problem for the embankment
overflow is completed with the specificatiof the initial and boundary conditions

assigned to each patchRigure3-9b and for all the flow variables. A general overview
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of boundary conditions anthe typical approaches applied in CFD practice are
provided in AppendiA.3.4 Boundary and Initial Conditionsvhile the tablderror!
Reference source not foundsummarises the prescribed boundary conditions for the
problem studied.

It is worth clarifying that the two fundamental categories of boundary conditions
are AfeaegedWwhDichlet dorsditioa specifying a value of the variaple

on the boundaryand Af i x ed Gr a dvore Neumannwbniditioh asiits a
prescribes the normal gradientof the variable at the boundar particular case of

Afi xedG&r adi éircter oGr adi ent 0, which defines
More complex boundary conditions have been implemented in OpenFoam starting

from these two basic ones. A description of the boundary conditions and values
adopted to study the embankmeredlow is provided for the six boundariesthre

followingError! Reference source not found.

Inlet; inletAir and inletWater

At the inlet all the fl ow var {Vadeegasd mu st
Malalasekera, 200%ondition. In the case studied, the fluid flowdisven initially by

the water velocity vector with a magnitude of I'nisthe X direction and then, after

the overflow occurs, by gravity along the downstream side towards the outlet
boundary. In this way, the fluid flow is continuously fuelled by theewaelocity
distribution specified at the inletWater patch until the simulation is terminated. The
prescribed magnitude of 1 thas been selected based on typical ranges of order of
magnitudes of mean flow velocity found in literature for similar woHR®. example,

to estimate the velocities and shear stresses associated with the overflow of the levee
system in New Orleans during Hurricane Katri(@riaud et al, 2008)considered a

CFD simulation adopting an inflow velocity of 3 thdn the study othe velocity
distribution in a natural river section during high flooddoramarco, Saltalippi and
Singh, 2011onsidered 6 velocity measurements undertaken in the periodl 9984

at Pontelagoscuro hydrometric site on Po river in northern Mdig. measured mean

flow velocity at the gauge river station varied in the rangé @ Hns?.
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Table3-2: Boundary conditions defined for the embanknosetrflow problem

Variables
Patch U p_rgh k omega
Alpha.water
[ms] [kg m™ s?] [m?s?] [s]
letAi fixedValue fixedValue fixedFluxPressure fixedValue fixedValue
inletAir
uniform 0 uniform (0 0 0) uniform 0 uniform 0.0037 uniform 0.12
) fixedValue fixedValue fixedFluxPressure fixedValue fixedValue
inletWater ) ) ) _ _
uniform 1 uniform (1 0 0) uniform 0 uniform 0.0037 uniform 0.12
inletOutlet pressurelnletOutletVelocity totalPressure inletOutlet inletOutlet
Atmosphere ) ) ] . .
uniform 0 uniform (0 0 0) uniform 0 uniform 0.0037 uniform 0.12
. . fixedFluxPressure KgRWallFunction omegaWallFunction
Embankment zeroGradient noSlip ] . .
uniform 0 uniform 0.0037 uniform 0.12
. ) fixedFluxPressure ) )
Outlet zeroGradient zeroGradient ] zeroGradient zeroGradient
uniform 0
Front and empt empt empt empt empt
Back pty pty pty pty pty
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In an interesting study on the importance of flow velocity for the extent of flood
damages recorded in the Sodthst of Germany during the severe flood in August
2002 (Kreibich et al, 2009) typical mean flow velocity considered were in the range
of 07 3 mst.

For the scalar function fAalpha. watero
at the inletAir and inletWater, implying the presence of 100% of airglipha.water
is zero) or water (i.e. alpha.water is one) respectively.

At both inletAir and inletWater the pressure is unknown. A boundary value is
extrapolated from the internal cells of the flow domain. Ubhkjdbbink, 1997)
suggests to apply a zero@mant boundary for the pressure at the inlet. In this case the
Afi xedFl uxPressureo boundary condi tion
according to t he exampl e AdamBr eako
(Greenshields, 2021)This boundary condition isecommended for pressure in
situation where fizeroGradiento should
gravity and surface tension terms. This condition adjusts the pressure gradient such
that the flux on the boundary is that specified by theaisi boundary condition.

Ideally, the boundary values at the inlet for the turbulent kinetic erkegigy the

turbulence frequendy - should be provided with measurements. In reality, these

data are usually not available and it is common practice to estimate the turbulence

properties at the inlet with approximate equatidnghis casethe online CFD tool

(https://www.cfdonline.com/Tools/turbulence.php shown in Figure 3-12 is
considerd, where the conversion with the turbulence intensityhie lengthkscale T

and the freestream velocity .

A turbulence intensity (defined a¥ —_) equal to 5 % has been considered,

)

pr

be

assuming that the case undrebulse udg daded s

turbulence intensity is typically between 1% and 5%. The lescakeT . refers to the
size of the large eddies in a turbulent flow and the value equal to 0.5 m adopted is
based on the size of the discretised grid. The vahl#aina in this way are

comparable with the values prke®.60021&d i
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m?s?and] = 0.147sY).

Turbulence Properties, Conversions & Boundary Estimations

Properties

Freestream velocity Ue 1 [m/s]

Turbulence kinetic energy |3 0.00375000000000000C [Tke] = [m"2/s"2]

Turbulence dissipation B 0.00004133513940946¢ [T'kgs] = [m"2 / s"3]

Specific turbulence dissipation 5} 0.1224744871391589  [1/s]

Turbulence mtensity/level Tu 5 [%0]

Turbulence length scale Tup 05 [m]

Kinematic viscosity v 1.5e-06 [m"2/s] (Aar: 1.5e-05, Water: 1E-06 at room temp & pressure)

Conversions

O @ from k and & using p* = Cu = 0.09, see the definition of @ for formula used

O ¢ from k and o using p = Cu = (.09, see the definition of & for formula used

® Turbulence variables (k. &, ©) from turbulence intensity (Tu), length-scale (TuL) and freestream veloeity (Usx)

O Turbulence variables (k. . &) from rurbulence intensity (Tu), eddy viscosity ratio (ut/w), freestream velocity (Uee) and kinematic viscosity (v)
O Turbulence intensity {Tu) from turbulence kinetic energy (k) and freestream velocity (Usc)

O Turbulence length scale (TuL) from turbulence kinetic energy (k) and dissipation ()

O Turbulence length scale (Tul) from turbulence kinetic energy (k) and specific dissipation ()

O Turbulence eddy viscosity ratio (ut/w) from turbulence kinetic energy (k) and dissipation (g)

O Turbulence eddy viscosity ratio (ut/w) from turbulence kinetic energy (k) and specific dissipation (w)

Figure3-12 Assessment of k and ¥ v atleamevelocityased o
turbulence intensity/level ~and turbulence length  scalehttp§://www.cfd
online.com/Tools/turbulence.php

Atmosphere

This is the top boundary of the flow domain free to the atmosphere and therefore both
inflow and outflow are allowed based on the internal flow. For this reason derived
types of boundary conditions are adopted.

For al pha. water, k eondition switchels ebetwen n | et C
AfzeroGradiento when the fluid flows out f
a AfixedValueo type when the fluid flows
the zeroGradient condition at the atmosphere boundamyell posed in case of
outflow; however, when there is an inflow, the phase fraction assumes a fixed value
of zero and the cells are completely filled by air (i.e. 100% air). Similarly, the fixed
values valid at the inlet are considered

For pressure and velocity vector the combination of totalPressure and
ApressurelnletOutletVelocityo i s commonl:

the inlet flow velocity is unknown. This is implemented for example at the atmosphere
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boundary in the damBa& tutorial.

The fAipressurelnletOutletVelocityo condi
an outflow situation, but for inflow the normal velocity is allowed to find its own value.

The totalPressure condition on pressure is a fixedValue type deltui@mm
specified total pressure pnd local velocity U when the flow is inward; while it is

equal to pin an outflow situation.

Embankment

The keyword embankment indicates all the bottom boundaries of the flow domain

corresponding torigig ur f ace s, commonly known as Aw
AinoSlIlipo condition means that the at the
Y and Z directions are zero. For the pr.

applied as for the inlet.

For the turbulent kineticenerggand t he turbul ence freque
are adopted on solid surfaces to account for the behaviour of the fluid flow in the near
wall regions, where the velocity gradients are steeper than the fully developed flow.
Becauwse of this proximity to the walls, the mesh resolution should be adequately fine
to capture the steep velocity profile. To avoid the need of reducing the cells size on
solid surface which results in an increase of the computational efforts, the wathfuncti
approach is introduced. These are empirical functions representing the velocity profile
at certain distances from the wall (i.e the viscouslayér, the buffer layer and the
log-law as shown ifFigure A- 2). These have been obtained by fitting experimental
measurements of flow velocities close to the wall and DNS simulation. These are
particularly important for the calculation of the wall shearsstes and the velocity
profile in the neaxvall region is addressed in more details in Appendi.2

Wall laws

Il n OpenFoam, the AKgypWeplodidihgtmeezdaroGadieat i s t
condition. On the contrary, the omegaWallFunction is a special wall function that can
switch between viscous and logarithmic region according to the position of y+
(dimensionless distance from the wall). At the intefsamf the viscous sublayer and

log-law region, values are calculated through blending the viscous arAdwog
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sublayer values. A comprehensive mathematical description of wall function boundary
conditions implemented in OpenFoam has been providédubf}iu, 2017)

Outlet or open boundary

The outlet boundary has been located 20m from the embankment downstream toe
where a fully developed state is established and there are small variations in the flow
direction. For this reason, it is sufficient to set tiradients of all variables equal to

zero except for the pressure, where the fixedFluxPressure condition is applied.

Front and Back

Finally, on the Front and Back planes of

for all variables because no solution is expected along the Z direction.

3.6.2 Finite Element Model in PLAXIS 2D

The 6m high ideal embankment showrFigure3-7 has been analysed in the finite
element software Plaxis 2D assuming a homogeneous material for both the
embankment body and the foundation soil. This situation aftenirs in real case
scenarios. Flood embankments have been raised, upgraded, and repaired over years
with techniques that typically involve local sources for the excavation of filling
materials. Because of the natural environment, these locally won rsatenisisted

of fluvial deposits from old floodplain typically composed of silt and ¢{Iayer, 2004;

M. Morris, Dyer and Smith, 2007)

A possible sequence of events has been implemented starting from an initial
condition where only the original foundart material was present, to the embankment
construction, followed by a consolidation phase assuming an initial elevation of the
river water surface at the embankment upstream side. The flood event has been
simulated by rising the water levels accordingattimedependent function which
ultimately leads to the final calculation phase represented by the overflow event. Two
models have been run. One considers the overflow with the simultaneous application
of a distributed load tangential to the downstreampes| with a magnitude given by

the hydraulic shear stresses calculated in the hydrodynamic model. In the second
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model, only the effects of the overflow have been analysed. In both cases, the overflow
calculation was followed by the assessment of the ewvolwf FoS associated with
the overflow.

The model set up with the canonical procedural steps is presented in detail in the
following sections It consists of (1) creation of the computational mesh; (2)
description of the material properties and constitulaws adopted to capture the
hydromechanical soil behaviour; and (3) the definition of initial and boundary

conditions.

3.6.2.1 Computational Mesh

The model extent and the finite element mesh are shown in the lhiglona

2 0m

___________________________________

5 0m 29 Im 5 0m

Figure 3-13: Model extent and Finite Element Mesh

The domain is discretized in 3313 triangular elements adopting tiNdod®
configuration. The average element size is 1.15 m and a local refinement has been

applied within the embankment body and along the slopes.

3.6.2.2 Mechanical and Hydraulic Soil Properties

The elastieperfectly plastic model with Moh€oulomb failure criterion and the van
Genuchterequation have been selected to model shear strength and water retention
behaviour respectively. Drained conditions have been considered for all the calculation
phases, therefore effective stresses soil parameters have been introduced. The
mechanical soil properties required for the M@uulomb constitutive model in

Plaxis 2D are presented Trable 3-3.
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Table3-3: Soil properties assumed for the ideal sittgy material

Mechanical Properties (ElastiPerfectly Plastic Model)

Soil Property Symbol and Unit Value
Young Modulus E6 [% Nm 10000
Poi ssonds ratio ndo-]| 0.33
Effective Cohesion cd [kNm 3
Effective friction angle jo [ A] 24.0
Dilatancy Angle yo [ A] 0.0

A saturated unit weight of 19.5 kNhand a dry unit weight of 16 kNAhave also
been considered. The van Genuchten function is implemented in Plaxis 2D with the
equationbelow (Galavi,2010; Brinkgreveet al, 2018)

3¢ 3 3 3 p CFs Equation3-13

where:
- Sesis residual degree of saturation related to the water that remains in soil even at
high suctions;

- S is the degree of saturation at zero suction.

- ¢ — [m] is the suction head, wherg is the porewater pressure argi is

the water unit weight.

- Qais related to the air entry value (AEV). Its dimension is [1/m].

- gn accounts for the rate of water extian from the soil when the air entry value is
overcome.

- gc controls the position of the inflection point. It is assumed that:

p C
C ? Equation3-14

The relative hydraulic conductivity is function of the effective degree of saturation

is given byEquation3-15.
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E 3 3 p p 3 Equation3-15
where:
3 3
3 3 3 Equation3-16

is the effective degree of saturation.

The parameters required in inpuBguation3-13adopted for the ideal siltclay
considered in this exercise are showT able 3-4. The soil water retention curve is
also presented iRigure3-14.

Table3-4: Hydraulic model parameters implemented for the silay adopted

Hydraulic Parameters of the van Genuchten water retention curve

Sal Property Symbol and Unit Value
Residual degree of saturation Sees[-] 0.04
Saturated degree of saturation Ssat[-] 1
Air Entry Value related Qa [1/m] 0.098
Water extraction related On [-] 2.0
¢ 2T ool 05

Assuming a saturatdy/draulic conductivity of 1@ m/srepresentative for an ideal
silty - clay and according tdequation3-15, the hydraulic conductivity function is

shown in Figure3-15.
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Figure 3-14: Soil water retention curve
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Figure 3-15: Hydraulic Conductivity Function
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A more detailed discussion of the hydr@chanical properties assumed for this
silty-clay material will be provided later in the context of another application described
in Chapter 5However, it is worthspecifying thatboth, mechanical and hydraulic
paraneters will affectthe results of the stability analysis. Obviousydelay in the
failure processes will be observed foghervalues ofeffective cohesion aniction
angle. Similarlysoils that tend to stay saturated for a longer peri@sd witha low
hydraulic conductivitywill tend to hold suction contribuing to stabilise the slope
during the overflowThis means thateplateau and thsuctionair entry valueof the
soil water retention curyglay an important role, as well as the satutdtgdraulic
conductivity.In the van Genuchten model implemented in Plaxis, high values of the
parametega are associated with low air entry sucti@e. AEV) and small plateau in
the SWRCThe parametegn is a function of the rate of watektraction from the soil
once the AEV has been exceeddijh values of g, are associated witlpentlerslope
of the SWRCand smaller plateau in the low suctions rafide overflow is a wetting
process and therefore the hysteresis of the soil water icetdseghaviour should be
considered.

In absence oéxperimental soil characterisationsansitivity analysisof these
parameters should be conducteal have a better appreciation of the effects on the

embankment stability during overflow.

3.6.2.3 ModelPhases and Boundary Conditions

The model consists of seven calculation phases that simulate the sequence of events
prior to the overflow scenario. The overflow phase is followed by a safety analysis to
determine the global factor of safety. Two distinctivedels have been run, with and
without the hydraulic shear stresses resulting from the CFD model. A summary of the
calculations performed is providedTiable3-5 below.

In Plaxis 2D the distributed load in plastrain geometry is provided in kKN/m/m
and to represent the shear stress distribution, the downstream slope has been divided
in strips 1m long. The average shear stresses over each segmedmtéracalculated

as shown irFigure 3-16a and the components in the X and Y direction have been
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introduced in Plaxis 2D as pErgure3-16b.

Table3-5: Calculation phases and type of analysis implemented in Plaxis 2D

No. Phase

Type of Calculation

1 Initial Phase

Gravity Loading: plastic calculation which
establishes the initial stress field before the
embankment placement. An initial
groundwater table is assumed.

Embankment
placement

Plastic deformation analysis simulating the
embankmentonstruction.

3 River water level

Fully coupled flowdeformation analysis
which simulates the presence of a river on tl
left side of the embankment constructed in t
previous phase.

4 Consolidation

A consolidation process is likely to occur
during theembankment life. It is assumed thi
no additional loads are applied during this
phase and that the target Degree of
Consolidation is 90%.

Extreme weather
event

Fully coupled flowdeformation analysis
where a timedependent boundary condition
applied onthe river side and along the
embankment upstream slope, produces the
increase of the water levels up to the crest.’
duration of this event is assumed to be 10
hours.

6 Overflow

Fully coupled flowdeformation analysis
where the water pressure on the dstream
slope is zero (i.e. hydraulic head equal to th
elevation). This phase is supposed to last 1!
min.

7 Stability

Safety calculation according to the faii
reduction method to estimate the global fact
of safety associated with tlowerflow.
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Figure 3-16. Hydraulic Shear Stress Distribution from Open Foam and averaged over
segments 1m long (a) and distributed load introduced in Plaxis 2D (b)

Initial Phase

The initial conditons and the initial stress field are set for the foundation soil when the
embankment is not present yet. The groundwater table is obtained by imposing a
constant hydraulic head of 0 m on the left boundary and a constant hydraulic head of

-1.5 m on the righside as shown iRigure3-17 (the datum is set at the ground surface).
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= m(@Zzero flukx condition
Prescr Prescr
const conste
water water
h=0m h=-15m
= m(@zero flux condition

Figure 3-17: Hydraulic Boundary Conditions for the initial phase

Embankment Placement

When the embankment is placed with a plastic analysigue 3-18), it is
supposed that the initial groundwater table remains unchanged. Therefore, hydraulic

boundary conditions are applied in a similar way of the Initial Phase.

T

A v
= m(@zero flukx condition
Prescr Prescr
const const s
water water
h=0m h=-15m
= m(Ezero flux condition

Figure 3-18: Second calculation phase and hydraulic boundary conditions

River water level and Consolidation analysis

In the third phase, the water levels on the left side of the model domain are increased
over time to simulate the riséthe water level to the prigo-flood value. The increase
of the water level is imposed with a timdependent boundary condition, specified by
a function of time. It is assumed that over a period of one year (i.e. 31536000 s) an
increment of water hedoh of 0.625 m is reached. A fully coupled flayeformation
analysis is performed.

This phase is then followed by a fully coupled flaeformation analysis (i.e. the
fourth phase in the sequence) where the fiadlood value is maintained constant
over time.

The prescribed wateheadimposedon the downstrearside will influence the
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position of the watelevel atthetoe.Obviously, if the water level isnitially high, the

toe areawill be saturated prior to the overflown thisideal model it is realistically
assumed thait this stage¢he water table is still deep enough to leave the toeim@a
partial or quasi saturated statdt is also worth noticing that theeresituations, for
examplein earthen damsvherea certain tailwater levetlanbe present downstream

of the structure, implying that at the downstream toe a hydraulic jump might form
This should be simulated in the CFD model. This particular situation has not been

investigated in this work.

« N m@zero flukx condi't

06269 \ \4

Line
vari at Prescri
water constart
wi thnm water

= mn(zero flux condition

Figure 3-19: River appears on the upstream side, followed by a consolidation phase

Rising of water levels during an extreme weather event

In this phase again a fully coupled fladeformation calculation is performéaimodel

an extreme weather eventhich causes the increase of the water level on the upstream
side. It is supposed that in 10 hours an increment of water lel@ ef5.375 m is
achieved. The function h = (t) is again linear.

It is worth noticing thatherate at whichthewater level increases the upstream
side will affect the firsinfiltration processthereforethe pore water pressusand the
degree of saturatioat the onset of overflondepend on the duration of the filling
phase If the filling phase is long, thembankment material will have enough time to
become saturatddepending also on the soil water retention behaviocansequently
the saturaad areawithin the embankmenwill be more extendedlhe initial value of
suctionwill be lower thanacase of short filling periods.

All these aspectsgovern the onset offailure and thelocations of the first

instabilities It is evident thathetime required to reach tHall capaity of the water
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bodyis an important parameter of the madkht ultimately influencemode and time
of breaching processes.

In theory, the duration of what here is defined filling phas& be assessedor
a particular site by performing hydrologistudieswith thestatisticalanalysis ofpast
flood events within the catchment and throughassessment dfydrometric data for
a given water body. In this ideal caieetime of the filling phasé&as been arbitrarily
assumedased on typicatlurationsoccurred during severe floagdsngingbetween
few hours to daysHowever,it canbe observed thadue tothese timescales, less
importantdifferencesare expectetbr afine-grained material, for whicthe saturation
process is in generalow and the effects of 10 hours 48 hoursdurations,will
produce similar results in terms of pressure distribudod degree of saturation
especially because of typically low hydraulic conductivities

On the cotrary, coarsegrained soils willbe more sensitive to this parameded
adelay of24 hourscan result in a big difference the saturated regioaccompanied
by adecrease of the initial suction valUdereforewhen a sand embankment is under
study; in absence of real data, sensitivity analysis should be performed to explore

multiple scenarios.

h=6mat the end of the simulation phase

Q = m(@Ezero flux condi

Linear va Prescr
water head consta
water

h=0000t%06 25

= m@EZero flux condition
Figure 3-20: Hydraulic boundary conditions associated with an extreme weather event,

leading to theéncrease of the water levels up to the crest level

Overflow and Safety

Starting from the filling phase, the overflow is simulated considering the hydraulic
boundary conditions representedHigure 3-21. A fully coupled flow deformation
analysis is performed over a tirstep of 900 seconds at the end of which the stability

of the embankment iassessedThe global FoS is calculated immediately after the
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overflow phase in a Safety calculation phase. If the FoS remains greater than 1, a

further time step of 900 seconds is considered, and the stability assessed again at the
end of this time step. The iteration is ended when the FoS of the slope becomes lower

than unity.The timestep adopted for the overflow is decided arbitrarily. However, for

the aim of thisstability analysis the particular value of the tistep adopted has

secondary importance and will not affect the final result.

h =6m = m@Eero fluk coni
h =0m J

e —
Prescr
h = 6ém consta
wathkeea
= mn(zero flux condition

Figure 3-21: Hydraulic boundary conditions which simulate the overflow event.
3.7 Results

3.7.1 Hydrodynamic Forces

The water velocity of 1 mi'smposed at the waténlet boundary along the X direction

in the CFD model causes the overflow. However, it is worth specifying that the
overflow is a consequence of the water flowing in the orthogonal direction to the ideal
crosssection considered. Due the increase of the discharge in the water body during
the flood event, this flow results in the lateral growth of the water levels behind the
embankment, which is simulated in the model with a continuous water velocity in the
longitudinal direction X.

The duration of the overflow simulated is 180 seconds with a-steye of 16
seconds, but the hydrodynamic steady state condition (i.e. hydrodynamic flow
variables become constant with time) is reached after 40 seconds from the start.

Figure 3-22 shows the evolution of the free surface elevation (corresponding to
the phase fraction equal to 0.5) at selected tisteps. At the downstream end of the

crest, water depth is 0.47 m att = 16 sec; 0.86 mat t = 24 sec; 1.08 m at t = 32 sec;
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and starting from t = 48 sec the water elevation is 1.20 m above the crest and remains
constant until the end of the simulation.

After 16 sec from the start, the ovexflas triggered along the downstream slope
and a thin layer of water is formed. In the middle section, at 23 m from the upstream
toe, water depth varies from 0.25 m at t = 24 sec up to 0.5 m at t = 40 sec and until the
end of the overflow. As expected, thater depth is considerably shallow along the
downstream slope compared to the crest, due to the rapid acceleration of the water
flow driven by gravity.

At the downstream toe, because of the transition in the bed, the water flow
decelerates, and the fragrface is slightly higher than over the slope. At this location
the simulated water depth varies from 0.36 m at t = 24 sec up to 0.6 m when the steady
state condition is established.

Figure3-23 shows the velocity vectors distribution over the entire computational
domain at four different timeteps of the overflow process. The white contour
indicates the fresurface elevation, correspondingtotheghasf r act i on fAal ph
equal to 0.5. The maximum flow velocity of approximately 20" nhisgeached in the
air phase when water starts to overflow along the downstream $lapeg3-23a).

The high velocity value observed is associated with strong turbulent structures as
shown by the vortices identified in the velocity arrows plot at the downstream side.
This wind created at the head of the wdtent impinging the slope is due to the large
pressure difference between the upstream (high pressure zone) and downstream side
(low pressure). The watair interactions are clearly visible in the vector plots in
Figure3-23b and the light blue and green arrows, corresponding to the velocity range
of 5-6 m s, indicate these intense exchanges between water and air. This effect tends
to attenuate as the overflow progresses likEigure 3-23c,d, showing thathe air
entrainment process and flow condition become constant at steady state.

The maximum flow velocity of approximately 20 nis reached in the air phase
when water starts to overflow along the downstream slBjagie 3-23a). The high
velocity value observed is associated with strong turbulent structures as shown by the
vortices identified in the velocity arrows plot at the downstream side. Timd wi

created at the head of the wabemt impinging the slope is due to the large pressure
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difference between the upstream (high pressure zone) and downstream side (low
pressure). The watetir interactions are clearly visible in the vector plots-igure

3-23b and the light blue and green arrows, corresponding to the velocity range of 5

m s?, indicate these intense exchanges between water and igirefféct tends to
attenuate as the overflow progresses likd=igure 3-23c,d, showing that the air
entrainment process and flow condition becammiestant at steady state.

al pwat er
1 0.0e+0 0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 1.0e+0 0
| | | | |

T T T
190 200 250 3mo0 390 40

X(m)

0 T T
2®o0 190 Lo 500 000 500 1m0

Figure 3-22: Free surface elevations at (a) t = 8 sec; (b) t = 16 sec; (c) t =24 sec; (d) t =
32 sec; (e) t = 120 sec and (f) t = 180 sec, showing the steady state conditiarn=aB2r
sec
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When the overflow is fully establishe&igure3-23b,c), the maximum velocity
oscillates between 1515.8 m & at 24 and 40 seconds respeely (Figure3-237 b
andFigure3-23 - ¢). At 180 seconds the maximum flow velocity is 14.8"mEhe
fact that after 40 seconds the peak velocity varies in the rangé.85n s means,
once again, that the water flow reacltes steady state condition.

It is worth highlighting that the maximum velocity is higher at 24 seconds than
the final time, because the water depth is still shallow and the flow continues to
accelerate compared to the last phase. As expected, it isthatetle velocity peak
develops around the middle section of the slope down to the toe area and continues

along the horizontal surface towards the outlet boundary.

U Magnitude
10

Ce—

(b) t = 24 sec

(b)
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(d) t =180 sec

(d)

Figure 3-23: Time sequence of the velocity vectors at: (a) 16 sec; (b) 24 sec; (c¢) 40 sec and
(d) 180 sec

The velocity profiles in the X and Y directions and the relative wall shear stresses
are shown inFigure 3-24 and Figure 3-25 respectively Crosssections at the
downstream toe, at the middle of the slope and at the downstream edge of the
embankment crest are presented for the selected times: 2204dnd 180 seconds

respectively.
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Figure 3-24: Wall Shear Stress and water velocity profiles in the X direction at: (a) the
downstream toe; (b) middle of the slope and (c) downstream edge of thierctes4, 44,
120 and 180 sec
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Figure 3-25: Wall Shear Stress and water velocity profiles in the Y direction at: (a) the
downstream toe; (b) middle of the slope and (c) downstream edge of the crespfra4
120 and 180 sec
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These profiles have been drawn over the water depth by considering the velocity
and shear stress values when the alpha.water function varies in the rainge 0.5

Figure 3-24 confirms some aspects of the water flow process discussed earlier,
like the end of the transient phase around approximately 40 seconds of the simulated
overflow. The predominant velocity component isfor which the peak velocity is
observed at the downstream toe, while the lowest value occurs at the embankment
crest. However, the contribution of, td the water flow, in the transversal direction,
is not negligible and this is the reason why the resultathieofelocity vector has been
considered ifrigure3-23. Under steady state conditions, the greatest water elevations
are at the crest (i.e. 1.20 m) aamdthelowest are at thdownstream toe (i.e. 0.6 m) as
shown already ifrigure3-22.

Most importantly, the velocity and the shear stresses profilEgjure 3-24 and
Figure3-25 provide a good picture of the water flow near the embankment slope and
prove that the simulation is in line with qualitative theoretical considerations. As
expected, water velocity is zero at the embankmentdoe to the nalip boundary
condition. The water velocity profile is characterised by significant gradients near the
embankment surface and up to the peak value. This is not reached at the water surface
elevation but at a certain water depth due to théekair interactions at the free
surface. Similar velocity profiles have been reported by the USGS as part of a data
collection and datanalysis program on the Lower Fox River in neststern
Wisconsin (Stephen M. Westenbroek, 2006)he water velocyt profiles were
measured adopting a pulsepulse coherent acoustic Doppler current meter (ADCP)
attached to a boat with an adjustable rod. The method is based on the measurements
of the Doppler shift of acoustic signals that are reflected by suspendtst wighin
the water column. An example of the velocity profile measured during this
investigation campaign is showkigure 3-26 below. The author spéies that this
profile is strongly affected by the presence of wind flowing in the opposite direction
to the river flow. This situation presents some analogies with the overflow case, where

the importance of the watair interactions has beeliscussed.
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DISTANCE ABOVE RIVER BOTTOM, IN FEET
(NATURAL LOG SCALE)

0.32 0.34 0.36 0.38 0.40 0.42 0.44
VELOCITY, IN FEET PER SECOND

Figure 3-26: Example of water velocity profile measured with the ADCP technique during
the data(Stephen M. Westenbroek, 2006)

The wall shear stresses have been calculated withppostssing utility of
OpenFoam fdAwall Shear %t R&s(is 0¥s3ywheeRisthea | c ul a
shearstress symmetric tensor retrieved from the turbulent model according to
Equation A- 35andn is the normal vector to the patch. The results in Pa obtained by
multiplying the Open Foam output by the water density showgthatnegative while

Z is positive. This trend follows the analytical framework, for which the shear stresses

are opposite to the water velocity vecttiris also important to highlight that the
highest shear stresses have been calculated at theseotiss located at the milid

of the downstream slope, where the velocity gradients are significantly higher whereas,
as expected, the lowest values have been obtained at the embankment crest.

To consider the effects in the longitudinal and transverse directions, the resultant
wall shear stress has been calculakédure 3-27 shows the shear stress distribution
along the downstream slope at different tisteps. At the steady state, the peak is
approximately 300 Pa and takes place just before the embankment toe, while the

average value along the slope is 180 Pa.
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Figure 3-27: Resultant of the shear stresses distribution along the downstream slope at
different time instants

The most appropriate approach to validate the numerical model is the direct
measurements of water velocapnd bed shear stresses with laboratory and field tests
on realscale flood defence embankments. This would require important resources,
sophisticated instruments, safety issues and time. Furthermore, the problem of the
validation of the hydraulic shear ass is out of the scope of the present work.
Nevertheless, an assessment of the validity of the numerical results obtained is still
necessary. Therefore, the validation of this numerical model has been conducted with
reference to data found in literature similar problems. The order of magnitude of
the peak shear stress has been compared with values publigBebgiet al., 2008)
as part of the work undertaken to study the embankments breaching failures by
overtopping in New Orleans, occurred duridgrricane Katrina (2005). A CFD
simulation was conducted with the program CHEN 3D to calculate the velocity fields
and the bed shear stresses. The overtopping was simulated in a similar way to the
present work, by adopting the RANS approach and an intec&pturing method for
the airwater interface. On the other hand, the differences in terms of model set up
should also be considered in this comparison. Particularly, the simulation conducted

by Briaud et al. considered a landward side slope of Lar8l the overtopping was
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triggered with an inlet water velocity in the longitudinal direction of 3'nssarting
from an initial water elevation of 1 m above the embankment crest. On the contrary,
in this study a steeper angle of 2tas been adopted.

In the initial condition of this simulatiomvater elevationis 2 m below the
embankment crest and an initial inlet velocity of 1-tmRigure3-28 shows the shear
stress distribution over the downstream slope at different ingBmasidet al, 2008)
The steady state condition occurs after 3.19 seconds, and the peak shear stress is
approximately 60 Pa in the toe area. This is an order of magnitude lower than the value
obtained in the numerical simulation presented in this work. However, this is due to

the fact that the embankment geometry adopted is not the same.

250
4 ———— t=0.48 sec
] =——— t=0.80s80C
200: —_— t=1.28 sec
— t=1.60 sec
- —_— t=1.92 sec
§ £ G MRS T ey
Z i t=3.19 sec
§100_ —_— t=7.98 sec
e - Levee
(/)]
e
©
(4]
<
(73]

L
— L O
- o
- "~
- hael T
- »

)

Horizontal Distance (m)
Figure 3-28. Shear stress distribution obtained performed VItHEN 3D (Briaud et al,
2008)

To further validate the numerical result, an estimate of the shear stress has been

derived with the following equation:

N

z r E3 Equation3-17

wherer is the water unit weight (i.e. 10 kN E (m) is the water depth

perpendicular to the slope aBdis the friction slope, witt8 O E Twhere] is the
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slope angle of the landward side. The vkelbwn empirical relation can be adopted to
calculate the wr discharge over a broadested wei(Chaudhry, 2008; Hughes,
Shaw and Howard, 2012)

N mt1 & 7 Equation3-18

where q is the discharge per unit lengtig* per m), g is the gravitational aderation
(9.81 m &), E is the upstream water elevation. Ultimately, the mass continuity is
applied:

E Equation3-19

O:| el

In this way h over the slope is known aaquation3-17 provides the bed shear
stress. In this case the simulation shows that at the steady statéoodfdit T80 |
(corresponding to alpha.water = 1, which means that only the water phase occupies the
computational cells) therefoomnsideringequation3-18;

N 116 7 m1 e p®’ pg& v misiperm

FromEquation3-19

- 8

E - — mm

And fromEquation3-17:

z r E3 pmpOEJoJ m8 kN m?=400 Pa
which is of the same order of magnitude of the value obtained in the CFD simulation.
This procedure is presentédughes, Shaw and Howard, 2012)the Report for the
experimental tests on smaltale earthen embankment as part of the Southeast Region
Research Initiative (SERRI) program in Tennessee. Ultimatbly, shear stress
distribution at 180 seconds resulting from the hydrodynamic analgsiseen adopted

to investigate the embankment stability.
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3.7.2 Water Flow Analysis in Plaxis 2D

The distributios with depth ofeffective suction (i.e. the product suction times degree
of saturation)are shown irfFigure 3-29 for different calculation stages: at the initial
river level (brown line); at 10 hours from tls@artof the flood event when the water
level in the river reaches the embankment ¢idse line); after 5 and 15 minutes from
the start of the overflow (dotted light blue line and palotted black line,
respectively) The contour plot of the pore water pressure distribution extracted from
Plaxis 2D at the end of the overflow phase espnted ifrigure3-30. The convention
adopted in Plaxis is that negative values indicate positivevpater pressure, hence
positive values are for suctions. It can be immediately observed that the toe area is in
fully saturated conditions after 15 minutes of overflow, howetdhe embankment
crest there still a suction of approximatelyk®@m=,

Four locations along the embankment crest and downstream slope have been
selected to analyse how the degree of saturation and suction values vary within the
embankment body. Prioto the overflow event, the poxeater pressure is
characterised by a quasydrostatic distribution as indicated by the initial river level
and the 1¢thour flood curves.

The crosssection AA* passing through the centre of the embankment crest, is
characterised by the highest suction values at the highest elevation. Suction decreases
with depth as the embankment material goes from a -gaasiated state to full
saturation achieved below the embankment foundation I&igire 3-29a). Suction
values on the surface become lower and lower while moving towards the downstream
toe. It is worth noticing that crosection DD* shows the same suctionstfibution
for the 10hour flood and for all the overflow tirmteps analysed. In fact, when the
overflow occurs this part of the embankment is already in a fully saturated=stgabe(
3-29d). On the contrary, the intermediate locations along the downstream slope, show
a progressive reduction of suction with depth, from the start to the end of overflow. It
is worth observing that this decrease of sucfrom the surface downwards is more
gradual for crossections BB* and GC* than crosssection AA*. For this latter, in

fact, suction varies from 2kN/m?on the surface (as consequence of the overflow) to
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57 kN/m? at a depth of 24 cm below the embankment surface. This means that suction

gradients on the crest are higher than elsewhere.
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Figure 3-29: Effective suction distribution at four different embankment locatiaj crest,

(b) at approximately one third of the downstream slope; (2) at approximately two third of
the downstream slope; (3) near the downstream toe. The Time Step selected are the initial
river level (brown line); 10 hours flood (blue line), 5 miredlow (dotted light blue line)

and 15 min overflow (discontinues black line)
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Figure 3-30: Contour plot of the pore water pressure distribution at the end of teelow phase
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It is also interesting to point out that the differences between suction distribution
for the two overflow times considered are negligible for the esestion at the crest
and at the toe. In tHest casethis is because the time of infiltration considered is not
sufficient to determine tangible changes. In fact, the hydraulic conductivity in this
range of suctions is still considerably low. At the toe, instead, the saturated conditions
are esthlished already from the begging of the extreme weather event. For
completeness, the variation of the hydraulic conductivity with depth for the four cross
sections is shown iRigure3-31.

‘ N

A* B* C*

Initial Ri ve+—1ldeoverls f |l cod5bmin overf+ewml5i n over
6.0 q

5.0 -
4.0 4
3.0 -

y (m)

2.0 A
1.0 A

0.0 4

- T | -1.0 T |
2.0E-0 8 7.0E-0 8 12E-07 2.0E-0 8 7.0E-0 8 1.2E-0 °

Hydraulic (mejnducti vity Hydraulic (@enducti

(@CrosSsect i-A5n A (c)Cr osSsect i-Grn C
0.6 q

0.4
0.2
0.0 -
_02 4
04
_06 4
0.8 A i

y (m)
y (m)

- T . ] -1.0 T )
2.0E-0 8 7.0E-0 8 12E-0 7 2.0E-0 8 7.0E-0 8 1.2E-0 7

Hydraulic (@menducti v Hydraulic (@enducti

(b)Cr osSsect iFB6n B (d)Cr osSsect i-Ofn D

Figure 3-31: Selected timstep of Hydraulic conductivity at: (a) embankment crest; (b) one
third of the downstream slope; (c) tow third of the downstream slope; {d)sdiieam toe
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Again, theseplots confirm that the effects of the infiltration processes are less
important at the embankment crest, which remains in a-gatsiated state for the
entire duration of the overflow.

Figure 3-32 shows the progressive increase of the water levels imposed by the
time-dependent boundary condition on the upstream side. The blue line indicates the
position of the phreatic slaice and therefore the advancement of the saturation front
within the embankment bodytigure 3-32d refers to the final step of the overflow
phase, withgroundwater flow occurring from the downstream slope in & sub
orthogonal direction towards the inner part of the structure. It is worth noticing again
that the downstream toe is saturated since the early stage of the flood event simulated.
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Figure 3-32 Water flow at selected tirrgteps from the increase water level phasdter (a)
5 hours; (b)8 hours; (c) 10 hours and water level at the crest; (d) 15 minutes of overflow
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3.7.3 Stability analysis in Plaxis 2D

The global factor of safety (FoS) of the overflow phase is plottethéowo scenarios
studied

N S et
\_/ =]

0.00f

(a) Phase deviatoric strain for the overflow with hydraulic shear stress (max 292.7 .
min 0.0104 16)

o

50.00

(b) Phase deviatoric strain for the overflow without hydraulic shear stress (max 260.
i min 0.012 106)

Figure 3-33. Failure mechanisms for (a) overflow with hydraulic shear stresses; (b)
overflow without hydraulic shear stresses
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It is worth highlighting that the resulting shear band associated with the FoS is
qualitatively the same for the two overflow cases as it can be observepire3-33.

The main difference is that the maximum deviatoric strain istidnigher in
Figure3-33a tharFigure3-33b because of the presence of additional applied tangential
forces alongthe slope. At the same time, this difference is negligible because the
failure mechanism is fully developed in both cases with the highest strain concentrated
at the downstream toe.

A negligible difference is also shown in terms of values of the FoScas ibe

easilyobserved irFigure3-34.
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Figure 3-34: Factor of Safety resulting from the Safety analysis for the two scenarios
analysed with and without hydraulic shear stresses

The overflow without shear stress presents a FoS of 1.60, while the application of

the hydraulic shear stresses produces a FA%6f
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3.8 Conclusions

A new conceptual model to interpret the onset of overlmuced breaching has been
introduced for the first timewithin the theoretical framework of unsaturated soll
mechanics. The qualitative analysis of the responses ofdintecoarsgrained soils

to multiple transient water flow processes, led to the conclusion that breach initiation
mechanisms can be assoedhiwith a loss of shear strength due to the decrease of
suction and the increase of saturat@sa result of the advancing of two water fronts
one from upstream side and one from the overflowed downstream slope. In this way,
the new conceptual model pides an alternative explanation to soil erodibility and
hydrodynamic effects, traditionally invoked to model embankment breaching
mechanisms.

To prove the new model concept, the dominant triggering factors for breach onset
have been investigated. The fecwas on two fundamental aspects: (1) the
destabilising effects associated with the hydrodynamic shear stresses; (2) the reduction
in shear strength of the embankment material due to the progressive loss of suction
during flood conditions. To understanctrelative importance of these two sources of
instability, the Factor of Safety (FOS) and the associated failure mechanisms have been
assessed for an ideal homogeneous embankmigtand without the application of
the hydrodynamic shear stresses alomgdibwnstream slope.

The hydrodynamic shear stresses were calculated with the Computational Fluid
Dynamic (CFD) software Open Foam, adopting $#&JTk i ¥ turbulence modelAs
expectedat steady state, the lowest shear stresses were found at the emibangshen
while the peak shear stresses occurred at the embankment toe area. It was shown that
the order of magnitude of hydrodynamic shear stresse308 Pa and these values
were in good agreement with: (1) similar studies published in literature, (2)
approximate hangatalculations and (3) analytical predictions.

The same embankment geometry was modelled in the FEM software Plaxis 2D to
analyse the onset of instabilitfeven calculation phases have been considered to
simulate a typical sequence of evepitior to the overflow scenarid@he impacts b

model parameterdike the initial position of the water table and thme assumed to
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fill the water body behind the embankment have been discussexsconclucedthat
particularly for finegrained materialghese aspects are less important for the-time
scales of the processes studied. However, sensitivity ana/sisccomended
especially when coarggained materials are considered.

A safety analysis accding to the strength reduction method was conducted at the
end of the overflow phase to determine the global factor of safety and the relative
failure surface. Two distinctive models have been run, with and without the application
of hydraulic shear stress calculated with the CFD model.

The FEM results of the transient water flow process confirmed the qualitative
predictions of the conceptual modehe crest was characterised by hinghest suction
values. For the type of material considered, an idéglday, the embankment crest
remained in a quasiaturated state during the whole simulation. On the other hand, the
toe was found already in fully saturated conditions at the onset of overflow. Along the
downstream slope, progressive reduction of sumh with depth is simulated while
the overflow takes place. The decrease of suction from the surface downwards is more
gradual in the middle zone of the downstream slope than the crest. Gheraffects
of the infiltration processes were less critiadlthe embankment crest level than the
middle and toe areas.

Theglobalstability analysis reveals that the failure mechanisms and the associated
Factors of Safety are found to be practically equal for the overflow with and without
the hydrodynamic tangéal stresses. A fully developed failure mechanism with the
highest deviatoric strain concentrated at the downstream toe is observed in both cases.
The negligible effects of the hydrodynamic tangential stressesthe overall
embankment stabilitgre dued the order of magnitude of these stresses (i.€. 0.3
kN/m?) being very low compared to the applied loading typically encountered in
geotechnical engineering probleriwever hydraulic shear stressean play a more
significant role at shallow depttvheredue to the overflowsuction drops to zero and
the effective stress are loW.was shown thathis situation is particularly critical for
coarsegrained materialwhere effective cohesion is absdntfine-grained materials
insteadthe stabiliation provided by the effective cohesion implieat whera failure

mechanism occsy this will involve larger volume of soil rather than shallow layers,
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like in the headcutting process.

In conclusion, this comparative stugyovided apartial answer toResearch
Question #2: is the hydrodynamic shear stress exerted by the water flow the only
possible triggering mechanism for soil mobilisation or are there other factors that can
play a role?lt was demonstrated that, at the onset of overftbesglobal stability of
the downstream slope is not affected bywlager entrainment forces developed at the
soil-water interface. Hence, the fundamental conclusion isthhe onset of overflow
hydrodynamic effects can be neglected in first instandbaranalysis of breaching
initiation processest embankment scale
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Chapter 4. Unsaturated Soil Mechanics
Breaching Model: Development of

the Numerical Approach

Abstract

Overflow-induced breaching is a major mechanism of failure of flood defence
embankments. Two distinct maeeoosion processes are generally associated with
coarse and finegrained geomaterials that are, respectively, surface erosion and
headcutting. Howear, most recent investigations emphasize unexpected and mixed
behaviours observed experimentally, where the formation and propagation of an
headcut tends to occur also in coagsained embankments. The assumption made in
this work is that, regardless thature of the embankment material, the onset of failure
can be associated with a loss of shear strength of the constituting soil due to the
decrease of suction and the increase of the degree of saturation as a result of the
advancing of two water frontsne from upstream side and one from the overflowed
downstream slope. This chapter presents the numerical implementation of the new

suctionbased breaching model.
4.1 Introduction

Flood earthen embankments are water retaining structures constructed aloradvers
coastal lines with the primary function of protecting human lives and activities against
the threats of floods. These constitute the principal infrastructure of a flood defence
system with several hundreds of thousands of kilometres all over the (@OREA,

2013) There is a long list of historical and recent events revealing the vulnerability of
this form of protection. Hurricane Katrina in U.S. (2005), Cyclone Cynthia in Western
Europe (2010), the North Sea tidal surge (2013) in UK and Netherlaraljust a few

examples of disastrous floods, whose impacts were significantly aggravated by the
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breaching of the flood defence embankments.

Unlike nonerodible structures that tend to break almost instantaneously, the
breaching process of earthen emitaent is generally gradual and comprises a series
of time-dependent mechanisms leading to breach initiation and formation. Breach
growth may result in the final catastrophic failure, when a gap or a proper channel
develops across the embankment allowihg tnundation of the protected areas
(Figure4-1).

@) (b)

Figure 4-1: Examples of Breaches in riverine embankments. (a) Croston Breach Winter
Floods 2015/2016, Lancashigsimmet al, 2017) (b) Tetney Breach, Yorkshire, 5th
December 2013 (Environment Agency, UK)

The crucial role played by earthen embankments in thggle against floods,
the increasing risks posed by more severe flood conditions due to climate change and
urbanisation and a general lack of knowledge of the physical processes involved, are
all urgencies that have attracted the attention of OperatinigoAties and scientific
community and are currently considered critical priorities. In addition, understanding
the performance of flood defence embankments, particularly during extreme weather
events, can help identify the most effective improvement warid maintenance
strategies to retrofit existing structures and design more resistant nevjMarks
Morris, Dyer and Smith, 2007)

The first and most immediate source of information to study embankment
performance is the analysis of case studies andfaibge investigations. The main

triggering mechanisms identified for breach initiation are surface erosion of the
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landward slope due to overtopping/overflow, internal erosion associated to seepage
flow and piping, and structural failures due to sloahilities or foundation issues.
Although these processes may act simultaneously, external erosion induced by
overflow has been recognised as the most frequent cause of embankment breaching
(Costa, 1985; Foster, Fell and Spannagle, 200§ appliesdr levees as well as for
dams.

Powledge et al(Powledge et al., 1989) summarised the most important research
in UK and USA conducted during the 80s. The three hydrodynamic flow regimes
typically occurring during embankment overflow are associated wiikian zones
based on the relative energy of the -sulical, critical and supecritical flows
respectively Figure4-2). According to this approachhe most serious condition is
related to the third zone along the downstream slope, where flow becomes supercritical
and exerts the highest dragging forces. When these forces exceed the critical resistance

of the material, erosion processes are activated.

Erosion zone Erosi o2 zoBeosi oB zone
Subcritical flow Critical Sup@ritical fl ow
Yor 4
A
Ri sen Levels \

Water Body \

Figure 4-2: Typical hydraulics of embankment overflow and associated erosion zones after
(George R Powledget al, 1989)

Erosion can occur at any point of the slope, depending on local disconsiamitie
concentration of stresses, but very often the starting point is the toe where the water

flow tends to dissipate its energy because of the sharp change of slope. Initially a small
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overfall and a scour hole have been commonly observed. Their enlatgsichesctly
related to the type of material forming the embankment. The authors observed that in
fine-grained soils overfalls are higher and more stable than in egaased
geomaterials.

Most recently, significant progresses have been achieved ttmekperimental
campaigns conducted as part of research programmes in Europe and USA. CADAM
(Concerted action on dambreak modelling, £2080), IMPACT (Investigation of
Extreme Flood Processes & Uncertainty, 2Q005), FLOODSite (2002009),
FloodProBe 20092013) are the most important projects supported by the European
Commission, with specific tasks dedicated to the analysis of the breaching initiation
process. In the same years, in U.S. the USIBRS, (Agricultural Research Service,
Stillwater, Oklaloma), Bureau of ReclamatierDam Safety Office, U.S. Geological
Survey and other operating organisations promoted studies in this field.

This research highlighted that the most important factors influencing the
breaching processes are the type of embankms&uctures (i.e. homogeneous,
composite, presence of additional structures), the hydraulic loads (i.e. reservoir, fluvial
or costal/estuarine embankments), the construction materials (i.egréimed fill,
coarsegrained fill or rockfill) and their relative conditions (i.e. soil compaction and
water content).

These experiments suggest that two main erosion mechanisms are associated with
breach formation in fingrained and coarsgrained embankment fills respectively
(ASCE/EWRI Task Committee on Danglzee Breaching, 20L11progressive surface
erosion is typically observed in coargeined materials (i.e. sand and gravel), which
are commonly recognised as highly erodible. The failure mechanism consists in the
removal of soil, layer by layer, from tldownstream face and from the crest. The
eroded surface progressively retreats towards the inner part of the structure, flattening

the slope and lowering the creBigure4-3).
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AV

tt Breach Initiatio
t
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Pivot Point Progressive Erosion

Figure 4-3: Schematic layout of progressive surface erosion characteristic of the breaching
process of coarsgrained embankment fills

The overall failure process is very rapid as the upstream crest is often affected
since the early stage of erosion, thus increasing the water flow through the breach
formed(Morris et al, 2009; ASCE/EWRI Task Committee on Dam/Levee Breaching,
2011; Zhuet al, 2011; Volz, 2013; Zhangt al, 2016)

The predominant erosion mechanism observed during overflow of embankment
constructed with fingrained soils is known as headcut eroskdanson et al.(G. J.
Hanson, K. R. Cook and S. L. Britton, 20@&finethe headcut as a vertical or sub
vertical drop of the bed channéligure 4-4 below shows a the headcutting erosion
process. This consists in the formation of a stepped;undarm profile of the

landward slope.

AV

Breach I nitiation

Breach For mat.

Headcutting

Figure 4-4: Schematic layout of headcut erosidmracteristic of the breaching process of
fine-grained embankment fills
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Initially, small steps (i.e. headcuts) are observed at the downstreafw &b,
1998; Morris, 2009; Zhangt al, 2016) These tend to merge into several or even a
single larger hadcut thaprogressively propagates backwards, undercutting the.slope
The critical condition occurs when the headcut propagation arrives at the crest,
resulting in its lowering and hence in an increase of the discharge. This stage is known
as breach fornteon. At this point, headcut and surface erosion tend to assume the same
characteristics resulting in breach widening and growth, up to the final failure. It is
worth noticing that the two erosion mechanisms directly affect the time of breach
formation. Itis recognized that firgrained geomaterials are typically less erodible
than coarsgrained fills and consequently the process of headcutting is much slower
than progressive surface erosidorris et al, 2009)

The occurrence of these two differenbaes of failure has been explained with
reference to the strength and erodibility properties exhibited by egeaseed and

fine-grained materialsHigure4-5).

HEADCUTTING ?

? < ! PROGRESSIVE SURFACE EROSION [ > ?

|
? <—| INTERLOCKING '—b

SILT SAND GRAVEL @
CLAY a ROCK
8
8
Fine Medium | Coarse Fine Medium Coarse Fine Medium | Coarse
2 6 20 60 0.2 0.6 2 6 20 60 200
pum mm

Figure 4-5: Classification of erosion processes based on grain size where uncertainties are
emphasised with question marks affdorris, 2011)

However, a more complex dynamics combining surface and headcut mechanisms
has been observed and regions of overlappét@auours still need to be understood
(Hansonret al, 2011; Morris, 2011; Zhet al, 2011; Mizutankt al, 2013; Weiet al,

2016) These aspects are the core of current res@slitthell and Brown, 2018; West,

Morris and Hassan, 2018ased on ramnt experimental studies mainly at laboratory
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scale, it appears that headcut erosion also occurs in @rareed embankments when
the material properties are enhanced through compaction and when negative pore
water pressures exist.

An extensive experinmtal programme was conducted at the Hydraulic
Laboratory of the University of Ottawa to investigate the behaviour of unsaturated
soils and their influence on breaching proce¢séRiffai et al, 2009; AlRiffai and
Nistor, 2010, 2013; ARiffai, 2014) Small and largescale homogeneous coafse
grained embankment models were constructed by compacting sand in successive
layers. Different compaction efforts were considered within the compaction test series.
In parallel, another test series was performed amd without the installation of a toe
drain. During the tests, water surface level and-j@&r pressures were measured.

The most important results of these tests revealed that compaction efforts had the
effect to increase the erosion resistancehef material. Sidslope failures of the
breach channel were less frequent for higher compaction and when the drainage system
was present. The lagme (i.e. time between the start of the overflow and the peak
discharge through the breach) resulted longetHe tests with the tedrain and for
the denser soil, compared to models without seepage control and with low compacted
filling. The presence of a drainage system creates a larger unsaturated zone and the
time delay observed in the breach formationus tb the infiltration process resulting
in the saturation of the soil on the downstream side, while in tests without drainage the
saturation is more rapid. In conclusion, these series of experiments showed that the
physical processes associated to embamktmoverflow should be analysed
considering the influence of fundamental geotechnical aspects such as degree of
saturation and density. Unsaturation and compaction had both the effect to delay the
breach formation.

Pickert et al.(Pickert, Weitbrecht an8ieberstein, 2011performed a series of
smaltscale overflow tests on homogenous embankments constructed with coarse,
medium and fine sands on fixed bed. The embankments tested were equipped with
instrumentation to measure water levels, breach dischargsion rate, breach side
slope and porgvater pressures. One of the key results was that breaching evolved

more rapidly for the coarse sand and the process was characterised by a constant
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erosion rate. On the contrary, erosion in fine sands was foubhd tomsteady and
influenced by apparent cohesion. Vertical and overhanging breach side slopes were
also noticed. In general, different erosion behaviours were observed as result of the
presence of an unsaturated zone. The authors concluded that a dessfaation of

the breach profile is difficult because of the influence of the suatiducced apparent
cohesion and various erosive behaviours.

The U.S. Geological Survey conducted three experimental campaigns between
20102013 to investigate the onflow failure of 13 largescale dams built with
compacted sand. During the construction of the embankment, piezometers and
tensiometers were placed in different zones at various heights. Particle image
velocimetry (P1V) was used to determine the watarface velocity. Photogrammetric
analysis was used to define the water surface elevation and the evolution of the
embankment profile. A stepped longitudinal profile was observigni(e4-6a). The
upstream migration of the steps evolved in the formation of a hedelgutd4-6b),
which eventually merged with the embankment crest.

Local failure of soil blocks formed a nearly vertical profile of the breach banks.
This was attributed to the effect of suctimduced @parent cohesion. The
groundwater flow analysis calibrated against the paater pressures measured was
performed for two of the thirteen experiments. Difference in the progression of the
breach were related to differences in the suction profiles. Thiesk@fnthe breach
channel were more stable at greater heights for the experiment with the highest
suctiongWalder, 2015)

This review of the most important experimental studies of the past two decades
shows that a substantial improvement of knowledgeusrterstanding of the physical
mechanisms responsible for breach onset and progression has been achieved. This can
be considered as the first step for the development of the last generation of simulation
tools able to predict modes and times of failureyping key information for flood
risk assessment, flood forecasting and early warning system. All these researches
emphasize that breach initiation and formation is a rdidtiplinary and
multivariable problem which depends on the mutual interactietvse®en water flow,
soil and structuréASCE/EWRI Task Committee on Dam/Levee Breaching, 2011)
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Hence, predictive models should consider a reasonable number of these variables and
processes to simulate the different physical aspects of embankment hyedohin
various types of materials and structures that might be encountered. In particular, the
role of suction and partial saturation of the embankment in the initiation and progress
of erosion eventually leading to breaching does not appear to havenbestigated

in a consistent and robust fashion.

(a) (b)
Figure4-6: Images collected during one of the experiments conducted at the U.S. Geological
Survey on largescale embankment constructed witte sand. (a) formation of the stepped

profile and (b) migration of the steps upstream forming a single large headcut. White arrows
indicate the base of the steps and headcut. Mfteder et al(Walderet al, 2015)

4.2 Breaching models

The focus of a bech model is the prediction of the processes and breach
characteristics (i.e. shape, size, formation time), the routing of the upstream inflows
and the outflow hydrograph. In this analysis the first task is known to be the most
uncertain of all the problesnrelated to flood forecastingVahl, 1998; Mohameet

al.,, 2002; Zhu, Visser and Vrijling, 2004; ASCE/EWRI Task Committee on
Dam/Levee Breaching, 2011)

Different authors proposed different classification systelmsparagraph2.4 the
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classificationintroduced by Morris et a{Morris et al,, 2009)has beempresentedvhile

hereit is made reference to thene proposed bywahl (Wahl, 1998)where four
categoriesare identified: (1) comparative analysis, when breach parameters are
estimated based on similarities with failed dams for which an extedecumentation

can be used for comparisons; (2) fhysically based methods, adopt predictive
equations statistically derived through the regression analysis of data collected from
historical failures, (3) senphysical based models, introduce somehaf physical
processes of breaching but with strong simplified assumptions; (4) physically based
models, that are typically numerical methods applying principles of hydraulics,
erosion and soil mechanics to simulate the fundamental mechanisms observgd durin
breach formation and progression.

In any casethe last category adopts the most rigorous approach, aiming to provide
a complete and accurate prediction of embankment breaching, required moreover for
area and situation where flood risk is particuladyi@us and/or there are no or little
data of historical failures.

Many physically based models have been proposed over the last forty years
ranging in complexity, assumptions, and methodology adopted. A historical overview
of the numerical model developnteand a long list of available models (about 55
different breaching models) can be found\iviahl, 1998; Morris and Hassan, 2002;
Zhu, 2006; Morris, 2011An extract of these models with the main characteristiss
been providedn Table2-1 at paragrapl2.4. A more detaild description of the most
recent and promising methods is provided by Zhengl.(Zhonget al, 2016)and
Westet al (West, Morris and Hassan, 2018)

Despite the substantial differences existing between the various breaching models
proposed, a comam approach can be identified.

In general, a physically based model comprises: (1) a hydraulic/hydrodynamic
submodel to simulate the water flow processes (i.e. overflow and/or overtopping
and/or piping) which calculates the discharge through the bréeehyater velocity
field and hence the hydraulic shear stresses exerted at the interface sedtdR) a
sediment transport/erosion saoibdel, which defines the soil erosion rate and the

volume of material removed under the stresses calculated ilydinautic model; (3)

152



Chapter 4

a slope stability sulmodel can be present to analyse the conditions of the breaeh side
slopes; (4) a breach morphology model updates the breacksexigm, reflecting the
material removed due to erosion and slope instabilities.

These submodels are typically organized in a loop as showhigure4-7, such
that at each timstep the breach shape (i.e. breach morphology) is obtained as result
of the erosion and slope instabilities processes due to the water flow induced by
overflow/overtoping or piping. When a cycle is completed, the following starts with
the calculation of the water flow in the new breach configuration and the varicus sub

models are repeated.

Hydraulic/Hydrodynamic
sub-model: simulation of
the flow processes with
to determine the
hydraulic shear stresses

Erosion sub-model:
Breach Morphology implementation of
sub-model: the breach sediment

cross-section is transport/erosion

updated to reflect the equations to calculate

soil eroded the volume of soil
removed

Slope stability sub-
model: to analyse the
breach side slopes (not
always present)

Figure 4-7: Typical loop with sb-models constituting physicailyased breaching models

The oldest models (Cristofano, 1965; BRDAM, 1967; Lou, 1981; DAMBRK,
1984; BEED, 1985, NWS Breach, 1988; DEICH_N1 and DEICH_N2, 1998; BRES,
1998; BRES, 2006; HR Breach, 2002; WinDAM/SIMBA, 2005) wéssed on
simplified assumptions like the use of the broad crested weir formula or the 1D Saint
Venant equations to model the hydraulic processes. This approach tends to simplify

the mathematical aspects and is based on the hypothesis of small chanhabded s
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and steadystate flow resistance laws for the derivation of bed shear stresses (i.e.
Manning Equation), which are quite far from reality (i.e. steep embankment slope and
transient flow conditions). Significant limitations are related to the assumgitite
breach shape, which is normally mtefined in input (i.e. rectangular, trapezoidal or
parabolic) rather than an output of the model. Also, erosion of the breach is simulated
as a uniform process, which is deeply unrealistic as different zones a&rddferent
erosion rates. A very critical aspect is the choice of the sediment transport/erosion
equation to be implemented. This is traditionally a field of river hydraulics and the
various studies conducted allowed to derive sediment transportacubdr steady
state sufxritical flow and for specific sediment types and sizes. On the contrary,
during the overflow of embankments different materials may be involved and the flow
is typically unsteady. Hence the application of sediment transport eqgsiddiads to
unrealistic erosion suimodel. Ultimately, the assessment of the stability of the breach
sideslope and other soil mechanics aspects are normally neglected -Giropéfied
(Mohamedet al, 2002) All these assumptions had the advantagetap very simple
physically based models, but the processes simulated are very far from reality.

The last generation of physically based models produced is often the result of
improvements of previous versions to overcome some of the key limitatenigied.
For example, EMBREA developed at HR Wallingford UK is the revised version of
HR BREACH (Samuel®t al,, 2008; Morris, 2011)EMBREA can model overtopping
and internal erosion failures for homogeneous, composite and layered embankments.
It is possible to distinguish between coagsained and fingrained geamaterials and
it can simulate surface and heaut erosion. It incorporates slope stability analysis of
the lateral slope of the breach. Finally, breach growth (i.e. morphology of thé breac
channel) is not imposed.

Other recent models are DLBrea@hu, 2016)and the model developed byplz
et al. (Volz, 2013; Volzet al, 2017) that present the novelty of modelling the
groundwater flow within the embankment structure and considers the effect of suction
induced apparent cohesi@West, Morris and Hassan, 2018n overview of the two
most important physically based breaching sladas presented in paragrehi.2 A

critical analysis on the statd-the artand theresearch questions inspiring this work
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can be found isection2.52.4.2
4.3 The concept of SuctiorBased Breaching Model

The core idea of the suctidrased breaching model takespmation from the
observation that flood defence embankments remain in an unsaturated state for most
of their time. Prior to the flood, these structures are exposed to low hydraulic heads
imposed by the levels in the water body. During extreme weatheisetiga condition
changes and the structure is subjected to a drastic increase of the hydraulic heads with
a transient ground water flow developing within the embankment and its foundation
(Dyer, 2004; Dyer, Utili and Zielinski, 2007; Mark Morris, DyerdaSmith, 2007)

The change of the poteater pressure regime due to this infiltration process depends
on soil condition and properties, particularly on degree of saturation and hydraulic
conductivity.

These processes have never been considered in r@iebfashion and modelling
has mainly focused on surface water flow associated with the overflow (i.e. hydraulic
shear stress) and erodibility properties, rather than the analysis of soil strength due to
the change of porevater pressures. Neverthelesgemmental evidence suggests that
progressive surface erosion and headcutting leading to breach formaati@trongly
dependent on these fundamental geotechnical processes.

This suction based breaching model introduces an alternative interpretation and a
new method to simulate the physical mechanisms observed during overflow within the
context of unsaturated soil mechanics. The starting point of this method is the analysis
of the ground water flow within the embankment body as illustrat&ejure4-8.

The priorto-flood condition is represented Figure4-8a, when the water levels
in the river are not critical and the unsaturated zone is quite extended. During extreme
events, the levels in the water body increase rapidly and can reach the emttankm
crest in a few hours. The rise of water level generates a ground water flow from the
upstream slope towards the embankment body and foundation.

Figure4-8b,c shows the advancement of the saturation front fuelled by this high

water level, hence the partially saturated zone starts reducing at a rate that depends on
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soil characteristics. However, at the onset of overflow a large portion of the
embankments still in an unsaturated state. From this point onwards the overflow
establishes, and flood water starts to flow along the downstream slope and drives a
second infiltration process in a solkthogonal direction to the slope, as shown in
Figure 4-8d. While the overflow proceeds there is a continuous inward infiltration,
which causes a progressive increase of the degree of saturation and a reduction of
suetion, in the most superficial layers of the downstream slope.

Under overflow conditions, the embankment experiences two main infiltration
processes, the first one from the upstream side due to the increase of water levels and
the second one from the dostream slope due to the overflow. Both processes cause
the advancement of the saturation front within the inner part of the embankment and a

reduction of the partially saturated zone.

INITIAL CONDITION INCREASE OF WATER LEVELS

Partially
Saturated

Partially
Saturated

Fully Saturated Fully Saturated
(a) (b)
ONSET OF OVERFLOW OVERFLOW AND INFILTRATION
A4 AV

Partially

Saturated Saturated

It

Fully Saturated Fully Saturated
(c) (d)

Figure 4-8: A sketchof the ground water flow process and propagation of the saturation
front within an embankment during overflow. (a) initial condition; (b) increase of water
levels and infiltration on the upstream slope; (¢) overflow generating when water levels
exceed thembankment crest with the advancement of the saturation front to the toe; (d)
overflow progression and infiltration from the downstream slope as well as from the
upstream side

The shear strength and stiffness of unsaturated soils are higher than saturated
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condition(Tarantino and di Donna, 201Negative poravater pressures (i.e. suction)
and degree of saturation govern soil behaviour.

The simplest approach to consider the independent contribution of suction and
degree of saturation to thétimate shear strength of unsaturated soil is by extending
the MohrCoulomb failure criterionEquationr4-1) wi t hi n t he fr amewo
effectivestresqSheng, Zhou and Fredlund, 201Epr saturated soils:

z A AOAI A K O OAd Equation4-1
wherez is the soil shear strengtRN/m?), ¢ & i s skN/in), A isthent@ad i on (
stresskN/m?), O the pore water pressutd\/m?) and3 is the soil friction angle (°).

For unsaturated solils, the effective stress proposed by BiElop@atjon4-2) are

defined as function of the net stress and matric su@omray and Sivakumar, 2010)

Ke £ 20 Equation4-2

whereA A O is the néstress, with is the total stres€) is the pressure of
the airphase,0 O O is the matric suction an@d is a parameter generally
assumed to be a function of degree of saturaioid is therefore 0 for dry material
and it is equal to unity for sarated soil.

I f Bishopbés effective <Ldoulorebsalurecsterionnc or po
assuming the atmospheric pressure agzénereferencdevel, and considering that
commonly? is supposed to be equal to the degree of saturatiuth and Laloui,

2006) an equation for the ultimate shear strength of unsaturated soil is found as:
z A £ OA A £ 30043 Equation4-3
which can be better expressed as:
z A AOAJ 300A3 Equation4-4
The term3 OO A3l represents the additional component of the shear strength due
to suction and it is often referred as apparent coh€$arantino and di Donna, 2019)
't is worth noticing that this co3tributd.

p, meaning that for the same suction, different degrees of saturation provide different

values of the ultimate shear stren@flarartino andel Mountassir, 2013)
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Apparent cohesion is fleeting, in the sense that it disappears once suction drops to
zero. However, the soil constituting the embankment can take advantage of this
additional shear strength for long time, as the unsatusistd tends to persist and
evolves according to the water infiltration process governed by the hydraulic
conductivity of the material.

In this scenario, the most vulnerable part of the embankment is the toe, being the
point in which the two saturationdnts (i.e. the one coming from upstream and the
other one from the downstream surface) are likely to meet first. Therefore, around the
downstream toe, the embankment material is close to a saturated state and to the
condition of zero suction. In other tesmthe soil at the toe experiences a faster
reduction of the shear strength due to the loss of the apparent cohesion and, for this
reason, is more prone to fail than soil in regions faraway.

This concept is representedrigure4-9 showing the stress state near the toe and
another one near the crest for the initial condition (green circle) and for the overflow
phase (blue dotted circle). The change oé@itie stress due to the overflow is more
significant at the toe and it could lead to a stress state that lies on the failure envelope
(Figure 4-9b). This loss of strength or softening of the embankment material can be
considered as another possible reason to explain why the breach initiation is observed

initially at the toe, especially for the headcutting erosion mode.
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Figure4-9: Typical stress states (a) near the crest (b) near the toe. Green lines are referring
to the initial condition. Blue lines represent the overflow event

The qualitative analysis of the main geotechnical mechanmsewsring during
overflow shows that the infiltration processes and the associated change of the soil
shear strength due to change of suction and degree of satucatiofead to local
instabilities and hence failure of small portion of embankment. Atsé#me time,
breaching models developed so far, assume that the hydrodynamic forces are the
predominant destabilising source which can cause the removal of soil particles,
neglecting the soil shear strength reduction phenomenon. The hydrodynamics of
embanknent overflow is an invariant for the types of embankment materials and hence
the same failure mode should be observed fordnaned and coarsgrained soil.
Indeed, experience proves that different physical mechanisms arise.

The role played by the emiflement material is considered via adopting erosion
laws and erodibility parameters for which important uncertainties still exist (i.e.
conflicting results, low erosion rate compared to physical processes at embankment
scale). Based on these issues, thdi@udased breaching model characterise soll
properties adopting theories and principles of classical soil mechanics without

introducing any empirical erosion law or transport sediment equation.
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Because the hydraulic shear stresses developed on the ckammstlope are
typically in the order of magnitude of G015 kNm2, especially in the early stage of
overflow, it is assumed that these can be neglected in first instadeed in Chapter
3 it was shown thahydraulic forces acting along the downstream surfaad very
little impact on the global stability of the embankment during overfldawever, at
very shallow depthwhere thestress leved are low the destabilising effects of the
hydrodynamic shear stresses can become more reldverd, these forcesan be
responsible for the formation of superficial failure mechanisms.situigtion tends to
occurin coarsegrainedmaterals becauséew centimetres below the slope surface,
apparent cohesion is significantly reducédot erasedBesidessoil strengthareon
the sameorderof magnitudeof the hydraulic forces because of tbes stressesThis
can explain why coarsgrained embankments experience the observed exfoliation
process, where soil is progressivehashed awaylue to the formation of shallow
failure planesOn the contrary, fingrained materialsan benefit of apparent cohesion
also at very shallow depth and eweghen it becomezero(for example on the surfage)
these materials stifossesgffective cohesionTypically, effective cohesion isneor
two order of magnitude bigger théme hydrodynamic stresses. Thanks to the resisting
contribution ofeffective cohesion, shallow failure mechanssane preventedhence
the headcutting backwards processes observed experimentally. In other words, the
different responses of fingrained and coarsgrained geomaterials to overflow forces
and infiltration, ca be explained in the context tie different hydro-mechanical
behaviours of th two broad categories of soils.

The fundamental concept of the suction based breaching model| théhfailure
mechanisms leading to embankment breaching (i.e. progressifeee erosion and
headcutting)can be both simulated as a series of fsiope stability problems at the
centimetre scale, which gradual develops in breach formation. This requires the

definition of a failure criterion able to capture the physics eitlechanisms observed.
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4.4 Definition of the failure criterion

Thefailure criteriondefinedincorporates stresstrain and geometrical considerations.
According to the elastiperfectly plastic soil model, when the state of stress at any
point is equal tahe material resistandam, this point enters the range of plastic
behaviour. At the same time, the mobilisation of the shearing resistance is a necessary
condition for the formation of a failure mechanism, but it is not yet sufficient. A
kinematics will form once that the plastic region is large enough to generate a
continuous surface, along which the soil mass starts moving relative to the intact part.
In Figure 4-10a the point on the MokhCoulomb failure envelope represents the
necessary condition. At this stage, the sufficient condition occurs when shear strains
overcome the strain corresponding to the threshold of the elastic behaviour and plastic

shear straingp, develop, as shown by the red pointigure4-10b.

(@) t (b) t/s6 6

////), Suf ficcoinednitt i ¢

Necessangition

Figure 4-10: Stress state in the Mohr plane for a point which violates the failure criterion
(a) and stresstrain relationship, with greepoint representing the yielding condition and
red point beyond the elastic strain threshold representing plastic shear strain

To explain this concept more clearly, let us consider a block on a horizontal plane
subjected to a system of constant verticaicdoand a horizontal force that is
progressively increased. For small values, the block experiences purely elastic

deformation as shown iRigure4-11.

161



Chapter 4

Force
A
Tot i ding o
PLASTI
2 i3
UimmﬁQLNT @ 4 6
Ty | (l)
© d diera Giiding Shear deformati on

Initial conHliagstinc defoYimalkdiomg conditiSéen ding

5 5 S

To T, Tyield Tsiidi
1 1 1 1 1 1
1 1 1 1 1 1 —>
(0) I (1) | | (2) | | (3) |
L
<« <« <« D
TT es Tr es TI' es Tr es

Figure 4-11: Deformation and sliding of a block by increasing the horizontal force, under
constant vertical force. (0) Initial condition when nothing happens; (1) development of
elastic deformation; (2) thapplied force is equal to the material resistance and yielding is
occurring; (3) the applied horizontal force increases, plastic deformation are accumulated
and at a certain point the block slides. Green lines refer to the inherent resistance of the
block. Red lines represent the applied horizontal force. The dotted line is the block in its
original configuration

Similarly, the movement of a soil mass occurs when the destabilising forces reach
the material resistance (i.e. necessary condition), plasticndafions start to develop
(i.e. sufficient condition) and increase up to a point in which a continuous shear band
is formed and a portion of soil starts to move.

This general concept is applied to the case of embankment overflow, with
particular referencéo the headcutting failure mechanism. The change ofwater
pressure induced by the infiltration processes illustrated earlier, produces a variation
of the state of effective stress. As showFigure4-9it is possible that in many points
of the soil, the state of stress becomes tangent to the-®tmkiomb failure envelope

so that plastic points appear and start to spread particularly around #reda@ad in
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the most superficial layer of the downstream slope. An example of this situation is
presentederror! Reference source not found.

o pl apoi @

faipora

Figure 4-12: Plastic points represented as green dots and failure points in red, formed
within the embankment as consequence of the infiltration processes associated to the
overflow

Plastic points for which the shesirain is greater than the elastic threshold §.e.
> @) as the red points iRigure4-10b, ar e defined here as 0f a
in Figure4-12).

As the overflow proceeds, points plastically stressed spread in an adequately
extended region where shear strains increase indefinitely béyemdastic threshold.
In this area, the accumulation of large plastic deformation results in the development
of a shear zone and eventually a local slip surface form. At this stage, a failure
mechanism is defined when it is possible to find a continpatisconnecting the most
external failure points, following a concave pattern with an entry and exit point on the

ground surface as shownhigure4-13.
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Figure 4-13: Accumulation of plastic deformation leads to an increase of the number of
failure points. A shear zone evolving in a continuous slip surface is identified, constituting
the failuremechanism

The failure criterion adopted in this work is summarised as follows:

- Formation of o6plasticd points which a
the failure envelope and shear strains are no greater than the elastic shear
threshold;

- Formaton of o&6failured points: which are
the failure envelope and shear strains are greater than the elastic shear
threshold;

- Formation of a slip surface which interpolates the most external failure points,

starting and eting on the ground surface by following a concave path;
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Having defined the failure mechanism to be implemented, at the heart of the
suction based breaching model is the strategy of removing the unstable soil blocks
delimited by the failure surface iden&fl. Figure 4-14 shows the first headcut
formation. The blue lines are the phreatic surfaces, and the arrows refer to the
continuous water infiltrationwk to the overflow established in the new configuration,

following the removal of soil blocks.

V4

Wat eirnf i | dwueatta
overfl ow

Figure 4-14: The first small headcut in the process of headcut initiation observed at the toe
of the embankment

After a certain timenterval, a new plastic region will develop with failure points
spreading over a larger area. The failure criterion is applied dgjgiaré4-15a) and
other soil elements are removed, resulting in the new embankment prdfilguoé
4-150.

These sketches illustrate the headcut initiation and propagation ingrdined
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material. It is worth noticing that no assumption has been made about where the first
6erosiond should occur and the headcut i
reul t of the simulation. It is anticipate
coarsegrained embankment should return the progressive surface erosion, i.e. the

second mode of failure typically observed in coaysened embankment.

Second failure me
i denttiifrpee d

Fi heade i tpe

(b)

Figure 4-15. Formation of the second headcut (a) and application of the failure criterion
resulting in the new embankment configuration

In summary, the headcut backwards migration is simulated by remoweihg s
blocks, stepby-step, as a result of a chain of mini slope instabilities. Breach formation
occurs when the headcut recedes backwards and intersects the embankment crest at

the time steprin Figure4-16. After this stage, the failure process is speed up because
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the discharge through the breach increases and can lead to the final catastrophic failure.

Figure 4-16: A sketch of headcutting backwards migration process up to the condition of
breach formation when the crest is reached

45The ALego Strategyo: applicat
in PLAXIS 2D

The procedure introduced in general terms in the ipusvparagraph has been
implemented in the geotechnical software PLAXIS2D Pl axi s 2018, Us e
2018) The advantage of using PLAXIS 2D is that it allows easy generation of complex
geometry with the aid of customized macros. The calculationbegrerformed in
staged construction mode, which gives the possibility to activate/deactivate
geometrical entities, loads, soil properties and flow conditions, without affecting the
results of the previous phases. All these features have been usefulaménpthe
suctionbased breaching model strategy. It is worth specifying that the method
proposed uses existing tools routinely applied by practitioners.

The geometry of the embankment has been built with a macro that automatically
draws a series of sdifiangular elements, represented with the blue lineSigare
4-17. The finite element mesh is automatically generated in PLAXIS 2D based on a
robust triangulation procedure that can be constrained by the user to refine the element
distribution. In this case the mesh parameters are chosen such that the soil blocks

consttuting the embankment and the mesh elements coincide.
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Triangular soil
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o mesh

= Finite element
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DR

Figure 4-17: Geometry built in PLAXIS 2D, where the blue lines represent the triangular

soil elements constituting the embankment body whilggtég triangles are the finite
element mesh automatically generated in the Mesh Mode

The 15Node element was selected since it provides a finer distribution of nodes

and therefore more accurate results than thede option. The configuration of the

15-Node element is given irigure4-18, where the black points represent the 15 nodes

and the blue crosses refer to the 12 Gauss Points or Stress Pothts iomerical

integration.

Node L
Strpepeent s

Figure 4-18: A sketch of the 2Bode element constituting the finite element mesh. The black
points represent the 15 nodes and the blue crosses the 12 Stress Points

4.5.1 Algorithmtod ef i ne a

Of ai

N

ed?o

S

oi |

e |

The total number of stress points that are in a plastic state (i.e. points for which

the state of stress lies on the M@ wulomb failure envelope) is provided in output in

a plastic point plot for a generic overflow calcidat phase. The results in terms of

pl astic

point s,

en

ef f ect i vgefthmphase analysedare s es
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extracted from the Plaxis 2D Output program and examined in an Excel Spreadsheet.
The elastic threshold for the shear strain ispsimy cal cul ated wi th

law:
b + m R
N 1 ¢+ R PR — Equation4-5
wher e, pdé is the mean ef f er isithe elursetric e s s ,

strain,R is the deviatoric straint is the bulk modulus and is

the shear modulus, withandz Young Modul us and Poi ssonos

At failure:
N -B Equation4-6
pOBI
o O I%T Equation4-7
where3 is the friction angle of the embankment soil.
Therefore, the elastic shear strain is given by:
-b
R f rQ Equation4-8

For all the plastic points found, it is checked whether the shear strain for the

overflow phase considered is greater than the elastic threshold calculated with

Equation4-8. I n this case a failure point is f
point acquires the status of a o6failurebo
A triangular soil el ement i ssofthenl2i der e

Gauss Points are in failure condition (i.e. plastic points with plastic shear strain
exceeding the threshold given IBquation4-8) . The number of of
required to turn an el ement into a o6fail
It is based on the observation that an element cannot be considered failed if only one

of a few stress points are under failure ctindi At the same time, it is excessively
restrictive to consider an el ement fail e
points. Therefore, it is assumed that at least 8 of the 12 stress points, corresponding to

the 66% of the total number of @gration points, must be at failure for defining an
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impending failed element as shownFigure4-19.

El a€t em@mt Ipwri @8)s Fai EEdm@Emt lpwri ©8)s

Node °
Strepebatastic x
Pl apoi(o=tt, ), x

Fai lpwri@=tt, ,g0g9.) «
Figure 4-19: Definition of a soil failed element based on the number of stress points in

failure condition. Elastic stress points are represented by blue crosses, plastic points are
green crosses and failure points are red crosses

The citerion based on at least 8 failure points for a single triangular element

required to gener at e acalbfatad/validated Gectooh e me n t
45.4

4.5.2 Algorithm for the removal of the failed soil elements

The failure criterion has been implemented through the algorithm described in the
flowchart below.
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Figure 4-20: Flowchart describinghe algorithm which implements the failure criterion and
the soil removal based on the failure surface found at thegtepeof reference

This algorithm is a loop composed of several blocks whietallesubroutines
defined separately from the main bodihe flowchart is further explained with
sketches representing the sequence of steps in parenthegisgure 4-20,
corresponding to the various taskslabsed.

The initial configuration at Step #0 is presented in relation to a small part of the

embankment along the downstream slope. This is the starting point from which the
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subr outi ne nfailed el ement so extr dwd t he
conditions. These are represented in pink irFigere4-21b.

(a) (b)

Figure 4-21: A small portion of the embankment analysed (a) initial configuration
corresponding to Step #0 in tewchart; (b) subset of failed elements obtained with sub
routine Afailed el ementso at Step #1

The second task is to search, among the list of the failed elements, those that are
on the surface and the subr outhbsetdtthisel| e mer
point Step #2 is carried out considering a generic failed element previously identified.
Let us imagine that El.1 represented in re#figure4-22 has been selected.

Ell

v

Figure 4-22: Step #2 assuming that the first iteration of the loop starts from element El. 1 of
the subset of the failed elements on the surface

If the element considered is nat the surface, the loop is not executed, and the
algorithm ends. If the element is on the surface, as is the case here, the first iteration is
started, andthesubout i ne fAnei ghbour el ementso wil
least one node in commavith EL.1. This is Step #3 of the flowchart which is shown
in Figure 4-23 where the yellow triangles (i.e. El. 2, El. 3, El. 4, and EIl. 5) are the

surrounding elements of EIl. 1. At this point, depending on the first element selected
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after El. 1, four different scenarios are possible and are analysed separately within the
first loop. In turn, each scenario will have a series ofcades depending on the
neighbour elements found.

Nei ghbour EI ement

v v v v

Scendrio Scena&ri o Scend&drio Scendrio

Ell El1l

E‘ El2 513‘ ﬁll i ‘ -

E 4

Figure 4-23: In yellow are presented all the neighbour elements of El. 1, recognised with
thesubr out i ned neighbour el ement 0 atdrtindgftore p # 3.
El 1

Scenario 1 considers El. 2 and at Step #4 it is checked that the neighbour element
selected is on the surface. If thisis truethanthesobut i ne #fAf ai l ure sur
for a possible envelope of the contours of the failed aisrtus defining a potential
failure surface. This case is showrFigure4-24 and because it is completed, the loop
ends here. The failure surface folis not the final one, as this will be compared with
the potential envelops found in the other-sabes. The failure surface chosen at the
end of this process is the largest one.

The remaining three scenarios on the contrary will not pass this cheblke as
corresponding neighbour elements are not on the surface therefore, the loop comes

back and will look for the neighbour elements of the last added.
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Figure 4-24: Scenario 1 leads to a potential failurerface as the neighbour element El. 2
has an edge on the surface

Let us consider scenario 2 and scenario 4 separately.

If scenario 2 is considered, the neighbour element El. 3 is not on the surface. The
condition at Step #4 is not satisfied thereforeptaress starts again looking for the
neighbour element of last added, which is El. 3. At this stage in the flowchart, Step #3
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will be repeated, and new sghses will be derived as shovidrror! Reference
source not found. In Figure4-25 the orange tringles are all the possible neighbour

elements of El. 3.

El6 |1
El2

E I3 E5
E l4

NE I7

E 9
E I8

Figure 4-25: El. 3 is not on the surface and the process comes back at Step #3. The new set
of elements of El. 3 is presented in orange

Among the different possible sudases that could be followed let us consider the
path EL.1 + El. 3 + El. 7 as represented with the black arrows in figcne!

Reference source not found.

Ell

E I3
E 14

El7
£ 0 g\

Figure 4-26: Subcase 1 of scenario 2, which considers the path EIl. 1 + EIl. 3+ El. 7. The
element considered is the yellow triangle while the orange triangles are the neighbour
elements found

Again, at Step #4 it is checked that the last element added (i.e. El. 7) is on the
surface. Since this condition is not satisfied the algorithm will go back and will check

for the neighbour elements of El. 7. At this point, depending on which of the orange
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triangles are selected there are other subcases.
Let us imagine following two possible paths separately: El. 1 + El. 3+ El. 7 + El.
10, renamed Scenario 2.1.1. and El. 1 + El. 3 + El. 7 + EIl. 8 called Scenario 2.1.2.
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= I
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i ©ont heur f @abiesondiitsi on i ®nt heur faAkbiesondiitsi ¢
f alasnedt efBi s epeadred falasne®t e#fi s e p e aa red
nei ghkkdwemerfEl 10ar e nei ghkdememnfttd 8 ar e
found found
Scena&tilo Scena&ldilo
Ell
Ell
EB
EB
El
El
v EVF ED
Lo o EL 6
E1n1 ENl3 Ens
. ElL 7
n2 Eﬂ4\EJ15
Theatbl + EB + EI7 + St etpiiteheckbHLI13
EILO+EIL11+EIl12st olpsc aus € i ®ont heur fabiesondiitsi ¢
EI12i 9§ sol &t eoctt hieai | ed falasnebt effi s e peadred
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Figure4-27: Two possible subases after scenario 2. On the left it is shown a path that ends
without arriving at Step #5. On the right the path followed exits on the surface, but the failure
surface found is not concave

As representdin Figure4-27, Scenario 2.1.1.1 on the left will not reach Step #5
of the flowchart as the last element added is not on the surface and there thier no o
neighbour elements, therefore the process ends. On the contrary, the path followed in
Scenario 2.1.2.1.2. will found an exit element on the surface which is El. 25. At the
same time once that the process ismt at St
able to find a potential failure envelope, because the contours of the yellow and red
elements is not concave.

Now, let us move to Scenario 4. The neighbour element EIl. 5 is not on the surface,
therefore the algorithm is not able to proceed ap 8teand comes back to Step #3,
where neighbour elements of El. 5 are found. These are the orange triakgipsen

4-28. Among the different possibiies two options are selected.
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Figure 4-28: Scenario 4 can be further subdivided into two possible subcases: Scenario 4.1
and Scenario 4.2

Following Scenario 4.1. if El. 9 is selected, the algorithm can find a failure element on
the surface according to the path outlinedFigure 4-29. However, this is not
considered as a potential failure surface, because the envelope is again not concave
and therefore it is not meeting the geometrical requirements imposed by the failure

criterion.
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Figure 4-29: In Scenario 4.1, the yellow triangles are the ones followed to arrive on element
El. 40 on the surface, but the envelope identified is not included in the list of potential failure
surfaces

If Scenario 4.2 is consideredkigure4-30, among the different possibilities there
is Scenario 4.2.1.2 which represents a potential failure surface because it is a concave
path linking failed elements with amtey and an exit element on the slope surface.
This is therefore stored in the list of all the failure surface identified at this stage. The
algorithm stops and ends.

Once that all the possible paths have been explored, the longest failure surface is
seleted, and the failed elements enveloped will be removed. For the cases analysed in
this example, scenario 4.2.1.2 provides the final failure surface to be adopted for the

iteration considered.
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Figure 4-30: Scenario 4.2 leading to Scenario 4.2.1 following the neighbour elements of El.
26. Among the different possibilities Scenario 4.2.1.2 is represented leading to El. 33 on the
surface and the associated path is stored in the list of the potential faildeeessir

4.5.3 Calibration and Validation of the Failure Criterion

The calibration of the failure criterion is based on the analogy between the failure
surface obtained within the framework of Upper Bound Limit Analysis and that
resulting from the FEM Safety Calculation with Plaxis 2D. In this last case, the output
is andysed as described in the previous paragraph and the failure surface is found by
applying the criterion defined. The minimum of 8 failure points corresponds to the
condition for which the two different approaches provide the best fit.

For simplicity and vthout losing in generality, this analysis has been conducted

on an ideal slope in dry condition representeBigure4-31.
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Figure 4-31: Slope geometry adopted for the calibration of the failure criterion

The Upper Bound Limit Analysis approach has been selected because provides a
rigorous solution for the slope stability problem (and rimany other geotechnical
application), based on the two theorems of plasticity. More specifically, the software
Limit State:GEO(LimiteState Ltd, 2016has been used. The solution consists in an
adequacy factor applied to loads or material strengths althghe associated failure
mechanism, composed of soil blocks which are reciprocally sliding or rotating. Limit
State:GEO applies the Upper Bound Theorem of Plasticity and it is based on the
computational Limit Analysis technique of Discontinuity Lay@gtimization (DLO)
(Smith and Gilbert, 2007)This is a rigorous mathematical optimization procedure
which allows to find the most critical set of slipes at the ultimate state, among all
the possible layouts formed by joining the nodes used to tigethe problem under

examination.
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Figure 4-32. Example of DLO applied to the undrained stability of a footing after
(LimiteState Ltd, 2016)
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The failure mechanism is characterised by a collapse émaorfwhich is an upper
bound of the true collapse load.

The other method applied is the FEM with PLAXIS 2D. The Safety Calculation
performed in PLAXIS, adopts the strength reduction method. The shear strength
parameterg 6 and © are progressively redudeuntil the failure of the structure is
reached. The total multipli@Ms:initially equal to unityprovides the ratio between
the input strength parameters and the reduced ones at each step of the analysis. In other
termsSMst at failureis the factor of safety. The solution is thus expressed with a factor
of safety and with a fully developed failure mechanism, characterised by a constant
value of SMstwhile the deformation grows indefinitely. This is typically visualised

with a shear banuh the deviatoric strain plot.

4.5.3.1 Slope stability analysis with Plaxis 2D and LimitState:GEO

The stability of the slope iRigure4-31 has been assessedbAXIS 2D adopting the
Mohr-Coulomb soil model which corresponds to the welbwn elastic perfectly
plastic model. The input parameters considered are reporfeabla4-1. It is worth

specifying that this exercise refers to a purely ideal slope.

Table4-1: Soil parameters initially considered for the slope stability analysis in PLAXIS 2D

Unit weight, g(KN/m?®) 15
Young Modulus, E kN/m?) 5000
Poi ssonb6s ratio 0.378
Cohesion, 6é(kN/m?) 4
Friction angle, j 6(°) 30
Dilatancy angel,y (°) 0

The soil model implemented in LimitState:GEO is the rigid perfectly plastic

model which requires in input only cohesion and friction angle. To compare the failure
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mechanisms provided by the two software, a series of models are performed in
LimitState:Geo dopting as input strength parameters those corresponding to different
values of the total multiplieBMssin Plaxis. In other words, the total multipli&Ms¢
in Plaxis, is analysed for each calculation step.

O Rl A e

t- > A'gTee A = Equation4-9

Based orEquatiord-9, friction anglg (°) and cohesion ¢ (m?) are determined
at each stegrigure4-33 shows the plot of the total multiplier for the different steps of
the safety calculation in Plaxis. It is worth noticing that after step 35, the total
multiplier is constant and equal to 1.94. This represents the factor of safety of the slope
with strength prameters adopted in input. The corresponding friction angle is also
shown in the figure. The slope analysed is therefore considered at failure (i.e. Factor
of Safety equal to unity) for a friction angle of 16.45° and a cohesion equal to 2.04
kN'm Thdudbdedobdb cohesion and friction angl

Analysis calculation.
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Figure 4-33: Total Multiplier provided by the Safety Calculation in Plaxis 2D versus
Calculation Step, with theorresponding friction angles

The plot of plastic points and deviatoric strain at step 60, corresponding to the
failure condition, are reported Figure4-34. Figure4-35shows the shear band formed

that generates the slfurface determining the movement of the unstable soil mass.
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Figure 4-35: Failure mechanism identified at step 60 represented in terms
strain

of deviatoric

The analysis in LimitState:GEO was carried out by inputting a friction angle equal
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to 16.50° and a cohesion equal to 08nm?, that is the reduced strength parameters
that generated failure in PLAXI&igure4-36 shows the failure mechanism returned
by LimitState:GEO that compares favourably with shear band returned by Plaxis
(Figure4-35). The Factor of Safety in LimitState:GEO was also found almost equal to
unity (1.05).

Figure 4-36: Failure mechanism in LimitState:GEO assuming friction aregjaal to
16.50° and cohesion equal to 2.05 kPa corresponding to the strengths parameters at step 50
in PLAXIS

454Benchmar ki ng OLegob failure cr
mechanism

A key aspect of the numeri cal i mterlore ment a

used to turn an el ement into a ofailure:

minimum number of failure points within an element (stress points where the elastic
limit is exceeded). The criterion of 8 failure points out of 12 was tested bgasorg

the failure surface derived from the Lego approach and the failure surface returned by
LimitState:GEO. Once the failure elements are identified, these elements are then
connected to define the slip surface as illustrated above.

Figure4-37 shows the comparison between the failure mechanism resulting from
the Upper Bound Theorem obtained with LimitState:Geigure 4-36) and the slip
surface derived with the application of the proposed failure criterion. Three cases are
considered. lfrigure4-37a the minimum number of failure points required to identify

the f ail unlkike. aeylsal @ements containidd or more failure points
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becomes a failed element to be included in the failuehar@sm Figure4-37b shows
the failure mechanism obtained when the minimum number of failure points was set
to 8 and finallyFigure4-37c reports the case 8ffailure points.

It can be easily noted that the application of the failure criterion with 11 failure
points, resultsn a slip surface which is considerably different from the one derived
with the Limit Analysis solution. This is because the assumption adopted is very
restrictive and the continuity of the failed elements comprised in the formation of the
failure surfaces interrupted. The procedure introduced can find a slip surface around
the toe area, but it is clearly not representative of the failure condition for the slope
analysed.

On the contrary, the slip surface associated to 3 failure points per soil elsment
closer to the failure mechanism than the previous case, but it tends to involve a greater
soil volume than the limit analysis solution, both at the crest and at the toe regions.
This can lead to an overestimation of the number of soil elements to sidered at
failure.

The failure surface identified with 8 failure points per soil element provides the
best fit with the Limit Analysis mechanism. It can therefore be concluded that this

constitutes a more realistic option for the definition of failednelets.
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Fail ure Mechai®ita@EeQvi th Li mit

Failure criterion defined
® FailureOlplpentsoil)] el emi
(a)
® Fail ur ¢O8pceirntssoi I) |el eme
(b)
® Fail ur ¢O3peeirntssoi I)| el eme
(©)

Figure 4-37. Comparisons between failure mechanisms provided by LimitState:GEO and
the slipsurface identified with the failure criterion defined for the removal of soil elements.
(a) slip surfacébased orlfailure points per elements; (B)failure points and (c® failure
points

It should be noted that mesh coarseness and element size are also parameters of
this model, as they will affect shape dedgth ofthe failure surface. bteed, if the
mesh elements are relatively large, plastic points bélspreadover arelatively big
area. The resulting failure surface is likely tocagte extendedand characterised by

many angularities. On the contrary, if very tiny mesh elements are adopted; plasti
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points will be concentrateaver a small zone and the failure surface is likely to be less
long and smootheahan large meslA sensitivity analysis has not been conducted to
explore the effects of different element size and mesh coars&®asthelessthe
accuracy of this approadsstill valid, due toa very fine mesh in the region of interest

In addition, the sizeof the mesh elemenis comparablewith the size of soil
blockdaggregates being removed as seen in experimental observation.

4.6 Conclusions

The heart of the suctelmased br eachi ng model i's that
progressive surface erosion or heating) can be simulated as a series of rsinpe

stability problems triggered by the loss of suction, which gradually devabbp

breach formation. The practical application requires a criterion able to defiea

and how the soil blocks constitutitfte embankment can be remoyéuis simulating

the progressive failure processes.

The analogy with the sliding of a block along a surface under the effect of an
increasing horizontal force, has been used to explain the meaning of plastic and failure
pointin the framework of the elastjgerfectly plastic soil model. It was assumed that
the movement of a soil mass can occur under two conditions:

1. The formation of a o6plastic pointd (i
stress is equal to the materi al resi s
corresponds to the stage in which the block is prone to slide in a plastic manner.

2. The formatim o f a ofailure pointdé (i.ce. S
accumulation of deformation beyond the elastic threshold. In the example
adopted, this happens when the block is irreversibly distorted and any
increment of the force, no matter how small igduces the sliding of the
block.

As the overflow proceeds, due to the change of the-water pressures

associated with transient water flows, failure powii spread in an adequately
extended regianwhere the accumulation of large plastic deformatiesults inthe

formation ofa shear zone and eventually a local slip surfeiledevelop alongside
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with the movement of small portions of the embankment maténighis approach,
hydraulic shear stressexting on the slope surface are not consideredadse
typically, their order of magnitude i®wer than finegrained material strengths and
apparent cohesion. Neverthelessperficial failure surface may form in coarse
grained material because nroohesive.

The concept that feaandaref ofcxiulrisr evhpoi m

i ncorporated into a 6Lego strategy©o. I n
triangul ar el ement s. A soil triangul ar e
|l east 8 of its 12 st reepastic poimts whiere theashear 6 f ai
strain iIs greater than the elastic thres

given time step, an algorithm is operated for the removal of soil elements that concur
to identify a concave failure surface.

This Lego strategy including the criterion consisting of a minimum of 8 of 12
failure points required to turn an element into a failure element was then benchmarked
satisfactorily against the results from Upper Bound Limit Analysis (LimitState:GEO)
and the FEManalysis (Plaxis).

The most important result is that the new numerical approach presented is based
exclusively on existing and wedistablished soil mechanics theories and tools, without
introducing concepts of soil erodibility and empirical erosion fienst This
specifically addresses Research Question #5 (is it possible to contextualise
embankment breaching due to overflow with an alternative approach to erosion models
and erodibility parameters?) and Research Question #6 (What ifdeafge erosion

processes are modelled like msilopes stability problems progressing with time?).
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Chapter 5. Unsaturated Soil Mechanics
Breaching Model: Qualitative

Validation

Abstract

The suctiorbased breaching model applies finedamental idea that the embankment
breaching due to overflow can be predicted with a sequence of local slope stability
failures at the mingcale. The instabilities are induced by the progressive loss of shear
strength associated with the decrease di@ucesulting from the advancement of the
water fronts from the upstream side and the overflowed downstream Bhepete of
the inward water flow and, hence, the loss of shear strength is controlled by the
hydraulic properties of the embankment materia

The numerical methodology implemented uses Plaxis 2D to study the transient
water flow and characteris¢éhe state of stress and strain during the overflow. Based
on this solution an algorithm to define failed soil elements and slip surface is
implemented allowing the progressive removal of the unstable soil mass. The iteration
of this procedure over timesgelts in the evolution of the embankment profile up to
breach formation. This Chapter presents the qualitative validation of the new suction
based reaching model conducted against photos and observations attained from the
IMPACT field tests.

5.1 Introduction

The validation of numerical breaching models is a longstanding problem. Since 2004
the importance of model validation was recognised by the Working Group on
Embankment Dam Erosion and Breach Modelling organised by the Dam Safety
Interest Group (DISG) of CKTI International. The first task addressed by this

collaborative research project was the collection of data fromweal case studies
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and from laboratory experiments to produce d&ts useful for future model
validations(Wahl et al,, 2008) This nitial review was further extended with a list of
more than 726 laboratory breaching tests conducted on-scaddl models and
reported by the ASCE/EWRITask Committee ASCE/EWRI Task Committee on
Dam/Levee Breaching, 201I)hese experimental campaigmere mainly performed
on homogeneous coargeained prototypes ranging from 0.15 m to 1 m in height.

In the last decade, the increasing understanding of the key factors governing the
process of breaching initiation and growth pushed new series of latyorato
experiments taking advantage of the latest technologies to improve the quality of the
measured data. The focus was on the erosion processes observed in different types of
materials (i.e. fineand coarsgrained) and their state (i.e. mainly compactom
water contentjHanson and Hunt, 2007; Elkhady al,, 2015; Feliciano Cestero, Imran
and Chaudhry, 2015; Weit al, 2016) Various embankment structures have been
tested in an attempt to cover a wide range of cases that might be encountered in real
applications (i.e. zoned and layered structures). The influence of scale effects was also
investigated by several researchégshmocker and Hager, 2009; Zhao, Visser and
Peeters, 2014)Measurements of pore water pressures were introduced in many
expeimental setup to study the effects of the infiltration processes within the
embankment material during overflofRPickert, Weitbrecht and Bieberstein, 2011;
Walderet al,, 2015; Volzet al, 2017)as well as the influence of taains(Al-Riffai
et al, 2009)

The intensified experimental effort was essential for improving knowledge and
understanding of the multiple triggering mechanisms of breach in flood defence
embankments during overflow. On the other hand, the simulation capabilities
improved vey slowly and, even if numerous methods were produced through the
years, currently there are very few examples of models available to engineering
practice(Morris, 2011; Zhenzhen, 2015)

Mitchell et al., (Mitchell and Brown, 2018} n t hei r BRTODo r t on
wor kshop on overflow of dams and | evee:s
characterising soil erodibility tests in terms of procedures and standards are still

critical. This is inevitably reflected in the advancement of modelling capabilities,
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which are strongly dependent on soil erosion parameters. Despite the latest
achievements, it seems that #Athe overal/l
is likely to be true for future progress, such that it may be a decade or more before
simple,reliable analytical methods of breach production are available for all types of
dam and failure modeso.

The reasons of this slow progress can be associated with the inherent complexity
of the phenomena to be modelled and the 4diseiplinary approach required to
combine hydrodynamic, hydraulic and geotechnical problems within a common
framework. To some ¢ent, this is also due to misconceptions arising when key
processes must be recognised and simulated and when model validation is performed.
In this regard,Morris (Morris, 2011) presented an interesting analysis where he
identified several factors thabntributed to the slow progress in the development of
more accurate breaching models. He highlighted that breaching models were initially
calibrated against data from experiments in laboratory flumes conducted mainly on
coarsegrained smailkcale embanknmes. It is therefore evident that these models
could only be applied to limited cases and for the particular conditions tested in the
experiments. Common practice for the implementation of numerical models is still
direct calibration against laboratory dsets rather than assuming theoretical analysis
as starting point. This means that a calibrated model can inexorably simulate well the
tests material and conditions, but it is likely to fail when applied to more generic
configurations. In addition, modedhlidation has often been conducted using the same
experimental set up adopted for the initial calibration, hence calibration and validation
might be carried out on material in a similar state, thus neglecting the assessment of
this critical factors in bra&ching onset and progressi@orris, 2011).1t is also worth
specifying that the quality of the experimental data available in literature is quite poor
with a general lack of many important details on material properties and state.

Another relevant ptadem when using laboratory experimental results for model
validation, is that these are intrinsically affected by scale effects. If flow conditions
can be adapted, this is not equally applicable to material strengths, embankment
construction process and des. Although the quality of laboratory data measured can

be very high, as laboratory experiments are conducted undercamdtblied
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conditions with the aid of the most modern instrumentations and technologies, there
are no doubts that the associatedesedfliects remain one the biggest challenges when
validation has to be performed.

On the other hand, the use of data from$atile case studies to validate breaching
models poses other challenges. Very little information is normally available about the
embankments that are therefore characterised with an extremely high level of
uncertainties in terms of history, construction details and material prop&viadd et
al., 2008; ASCE/EWRI Task Committee on Dam/Levee Breaching, 2011)

Nonetheless, field testare currently the most meaningful and valuable reference
for model validation, as these allow for comparisons againssé¢ale conditions that
realistically reproducehe physical processes of embankment breaching due to
overflow (Volz, 2013) Howeve, it is important to stress that fietdsts results are
suitable only for qualitative model validation, since detailed measured data are
generally not available. Indeed, the installation of instruments and accurate
measurements are more complicated thboratory experiments. In addition to these
drawbacks, it must be recognised that planning and runningtéstisl is logistically
more complex, economically expensive and time demanding. These are all issues that
explain why there are only two signifidatest programs available in the literature
conducted under relatively controlled conditions and providing substantial information
and observations to be used for comparisons with numerical results. In Europe, the
most accredited tests were conducted wittme IMPACT project. In the U.S., the
studies carried out by the Agricultural Research Service (ARS) in 2005, constitute a
milestone in the context of documented &dhle tests. These fidtale tests were
therefore used for qualitative assessment ef floposed suctiebased breaching
model.

For the IMPACT full scale embankment experiments, a large set of images have
been made available mainly in the review produced as part of the FloodSite EU funded
project(Vaskinnet al, 2004; Hassan and Morris)@8; Morris, 2009) These images
will be used to show that the two distinct behaviours of progressive surface erosion
and headcut erosion observed in coapsened and fingrained embankments

respectively can be captured by the suebased breachingnodel.
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The point will be made that these two erosion mechanisms arise from differences
in the unsaturated hydraulic conductivity rather than erodibility characteristics.
Coarsegrained geomaterials are much more permeable thaigféneed soils. They
tend to saturate rapidly, losing the additional component of the shear strength provided
by suction more quickly than in firgrained geomaterials. This occurs on the
downstream slope during overflow within the first soil layers, giving the typical
exfoliation or progressive surface erosion mechanism. In-gnagned soils, the
hydraulic conductivity is lower due to the small pores size. On the downstream slope,
the soil layers exposed to infiltration by overflow remain unsaturated for longer, while
the area rost likely to saturate first is the toe. The loss of the sudgtidaced apparent
cohesion occurs at the downstream toe earlier than in the most superficial layers close
to the crest and leads to the formation of small steps that retrogressively unuercut t
embankment producing the typical headcut erosion observed.

In this way, the sucticbased breaching model simulates the erosion processes
without implementing any erosion model. The erodibility parameters required as an
input in the erosion laws or seaent transport equations, which are fundamental part
of traditional physically based breaching models, are not required within this
framework. As such, the model is not affected by those uncertainties related to the
definition of an erosion law and furtmore to the assessment of erodibility
parameters via soil erosion tests. Indeed, the subBised breaching model
incorporates soil properties with clear geotechnical meaning.

The second fundamental innovation introduced by the subtisad breaching
mocel is that hydrodynamic tangential forces are not considered a major triggering
mechanism. Although it is acknowledged that hydrodynamic tangential forces may
play a fundamental role in the overall breaching process, it can be observed that, flow
velocities and turbulence are still very low at the onset of overflow. It would then seem
reasonable to neglect in first instance the hydrodynamic tangential forces and simulate
the breaching processes via existing geotechnical software.

In this application, theustionbased model is implemented in PLAXIS 2D to
simulate a fully coupled hydfmechanical problem in unsaturated soil. The

performance of the suctidmsed model is validated qualitatively against the images
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from the IMPACT fieldtests.
5.2 IMPACT Project Te sts

IMPACT (http://www.impaciproject.net/) was an EU funded research project
conducted between 20012004 under the Fifth Framework Programme (12089).

The main credit of this research was the extensive programme of field and laboratory
tests undertadn to collect reliable data, comprising detailed photographic records,
assessment of breach growth rates, flow, water levels and control of soil parameters.

Specifically, five field tests on homogeneous and composite embankments were
undertaken to invegiate failure by overtopping and piping in different materials at a
remote site in Norway. In the same period a series of 22 laboratory tests were
undertaken at a scale 1:1®/orris, Hassan and Vaskinn, 2007bj the test
embankment at HR Wallingford Laboratory (UK).

The Norwegian SWECO conducted the field testing in Norway in conjunction
with a supporting Norwegian national research programme on dam safety. A range of
additional Norwegian partners operatedtbis project; Norconsult was responsible
for the field test construction, implementation and data collection and processing. The
considerable amount of data was further reviewed and analysed in more detailed
during the European Commission project FLOOB$tween 2002009. At present,
these data are still the reference for understanding of failure processes and widely used
for breaching model validation.

It should be highlighted that the review conducted during the FLOODSite project
lead by HR Wallingfed (UK) revealed significant inconsistencies and discrepancies
between the proposed and as built condition of the field tests data. These differences
were mainly found in relation to embankment geometry and soil properties. Hence, the
two Reports produceak part of the FLOODSite Project: TO6871 11 (Morris, 2009)
and TO4 0871 04 (Hassan and Morris, 200Bave been considered as main reference
documents.

The test site was located downstream of the Tustervassdammen Dam that

impounds the large Rgssw reservoir, in Nordland County, near the town of Mo i
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Rana Figure5-1). This location allowed to control the inflow to the reservoir behind
the testembankments by regulating one or more of the Rgssvassdammen spillway
gates. A volume of approximately 70.0008 of water was retained behind a 6m high

test embankment and used to create a br@dalris, 2009)

Figure 5-1: IMPACT Field Test site locatiofiMorris, 2009)
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