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Abstract: This paper discusses the use of fragility curves as a way of expressing the likely performance or reliability of a
levee, as part of a flood risk systems analysis and/or to support asset specific decision-making. In terms of geotechnical
mechanisms, the focus of the paper is on concentrated leak erosion, the form of internal erosion believed to be most relevant
to UK levees. The paper discusses the use of fragility curves combined with asset-specific extreme loading distributions to
determine a national database of asset annual failure probabilities as a one means of prioritizing future detailed inspections,
investigations and interventions.
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1 Representing internal erosion in fragility curves.

Internal erosion involves the detachment of soil particles and their transport by seepage flow. It can involve one
or more of four principal internal erosion mechanisms (CIRIA, 2013):

(a) Contact erosion: related to selective erosion of fine particles from the contact with a coarser layer;

(b) Backwards erosion: occurring along a decompressed contact area as a result of seepage exiting an
unfiltered surface; it leads to retrogressively growing soil piping and sand boils and is typically linked to
permeable layers lying beneath a surficial less permeable ground surface on which a levee may be situated;

(c) Concentrated leak erosion: related to the detachment of soil particles through a pre-existing path, such as
a crack. Given the through-levee silt or clay composition of most UK flood embankments, this mechanism is
believed to be the most important transverse internal erosion process for transitions between soil and hard
structures;

(d) Suffusion: related to the selective erosion of the fine particles from a matrix of coarse particles.

In England the most commonly occurring mechanisms are (b) and (c). Backwards erosion (‘piping’) is
limited to a few situations such as the Thames estuary where under-seepage through permeable layers can occur.
Concentrated leak erosion is believed to be the more common mechanism, typically linked to animal burrowing
within the levee, to geotechnical discontinuities in the levee (including those generated by pipes and culverts)
and to transitions from levees to flood walls

The process of internal erosion can broadly be broken into four phases: initiation, continuation, progression
to form an erosion piping zone (causing surface sloughing) and initiation of a breach (Morris et al/, 2012). For
risk analysis purposes, the initiation phase is taken to be the critical issue to determine, although for subsequent
inundation assessments breach widths and breach hydrographs are also required. The initiation phase is
described using fragility curves to represent the probability of occurrence of a particular internal erosion
mechanism conditional on loading.

Representation of the two selected mechanisms follows approaches already established in the literature.

(a) backward erosion piping arising from under seepage. This mechanism is represented using the classical
approaches summarized in ICOLD (2016). The process of backward erosion can only take place if there is prior
heave of any surface impermeable layer landward of the levee, allowing piping to progress at the interface of the
underlying permeable layer with this upper layer. This means that that the calculated probability of backward
erosion piping commencing must be multiplied by (reduced by) the probability of the heave of the surface
impermeable layer, if it is present.

(b) concentrated leak erosion. There is much less discussion of this mechanism in the literature, although
ICOLD (2016) Bulletin 164 sets out the processes unambiguously. For this reason we discuss this mechanism in
detail in the following sub-section, explaining how we assess the various governing parameters

1.1 Concentrated leak erosion
The process involves initial erosion along the walls of the crack (ICOLD, 2016) and continuation of this erosion
leading to enlargement of the crack eventually resulting in breach.

ICOLD (2016) gives the following equations to determine hydraulic shear stress, depending on the crack
shape. (Note that the hydraulic shear stress for a cylindrical crack is about half that for a vertical transverse
crack.)
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a. For cylindrical pipes:

b. For vertical, transverse cracks:
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where:

pw = Density of water in kg/m?

g = Acceleration due to gravity = 9.8 m/s?

Hy = Head loss in pipe or crack due to friction in meters

L = Length of pipe or crack base in meters

D = Diameter of the cylindrical crack in meters

W = Width of vertical crack in meters.

The shape of cracks in the body of earthen embankments generally could be cylindrical or vertical, Vertical
surface cracks to a depth of 1.2 m together with some horizontal cracking were found by Dyer et al (2009).
Cylindrical cracks may be more appropriate when considering the impact of animal burrows or decayed tree
roots. In the case of transitions, the hydraulic separation that may well occur at the interface between the earthen
embankment and the hard structure, means that vertical cracks between the flood embankment material and the
hard structure are likely and may extend across the full width of the earthen embankment.

In terms of crack width: ICOLD (2016) recommends assuming widths of between 1 and 2 mm. In our
analysis, we therefore assumed a triangular distribution of crack width between 1 and 2mm.

In terms of crack length: the longer the length of the crack the smaller the shear stress (and hence the better
the reliability). For earthen embankments (including transitions) in good condition (i.e. without holes or large
separations, the cracks will need to penetrate right through the structure and thus for resistance to concentrated
leak erosion, the wider the structure the better. Embankments in poorer condition with defects such as animal
burrows, can be represented by a reduced crack length. For our work, we assume the adjustment factors to good-
condition crack lengths given in Table 1.

Table 1. Crack length adjustments based on embankment condition grade

Environment Agency visual condition Description of condition grade Factor applied to assumed

grade crack length
| Very Good (Cosmetic defects that will have 1
no effect on performance)
5 Good (Minor defects that will not reduce the 1
overall performance of the asset)

3 Fair (Defects that could reduce performance 0.9
of the asset) '

4 Poor (Defects that would significantly reduce 0.5
the performance of the asset.) )

5 Very Poor (Severe defects resulting in 0.1

complete performance failure)

Head loss across the crack: the head loss across the crack length is taken to be the difference in water level
between the river side (level variable) and the landward side (assumed to be either the downstream structure toe
level or the ground level).

1.2 Computation of Critical Shear Stress
The approach adopted for determining critical shear stress assumed that UK soils in earthen flood embankments
are non-dispersive. (Dispersive soils (see e.g. [COLD, 2016 and Terzaghi et al., 1996) are structurally unstable
and more erodible, sometimes significantly more so; this is because the soil aggregates — small clods — collapse
when the soil gets wet because the individual clay particles disperse into solution.) Reported instances of the
presence of dispersive soils in the UK are rare, but this may be because the phenomenon is poorly understood.
For non-dispersive soils, [COLD (2016) provides the Representative Erosion Rate Indices given in Table 2,
which in turn represent the relative soil erosion rates given in Table 3. ICOLD (2016) then suggests associated
critical shear stress values. Given that the analysis behind fragility curves is probabilistic, we adopt a triangular
distribution of assumed critical shear stress values in the analysis to get a fair representation of the uncertainties
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associated with allocating a particular value to a specific soil. The assumed limits and best values for the
distributions are provided in Table 4.

Table 2. Representative Erosion Rate Index for Non-Dispersive Soils (ICOLD, 2016)
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Representative erosion rate index (/uet)

Unified soil classification

Likely minimum Best estimate Likely maximum
SM with <30% fines 1 <2 2.5
SM with >30% fines <2 2t03 35
SC with <30% fines <2 2t03 3.5
SC with >30% fines 2 3 4
ML 2 2t03 3
CL-ML 2 3 4
CL 3 3to4 4.5
CL-CH 3 4 5
MH 3 3to4 4.5
CH with liquid limit <65% 3 4 5
CH with liquid limit <65% 4 5 6

Where: SM = Silty sand; SC = Clayey sand; ML = Silt; MH = Silt of high plasticity, elastic silt; CL = Clay of low plasticity, lean
clay; CH = Clay of high plasticity, fat clay; and the representative erosion rate index, Iygr, is an index derived from the Hole
Erosion Test (HET) described in ICOLD (2016)

Table 3. Soil erosion rates related to Representative Erosion Rate (IHET) Indices (ICOLD, 2016)

Representative erosion rate index (/uer) Relative Soil Erosion Rate
<2 Extremely rapid
2-3 Very rapid
3-4 Moderately rapid
4-5 Moderately slow
5-6 Very slow
>6 Extremely slow

Table 4. Limits and best estimates for a triangular distribution of critical shear stress for different soil types

Critical shear stress (Pa) limits — assuming a triangular distribution

IHET

Low Best High
Upto3 1 2 5
3.5 2 5 25
4 5 25 60
25 60 100

2 Development and use of fragility curves

As explained in previous papers, an analytical approach (see e.g. Simm et al/, 2008) has been adopted in the UK
for the determination of fragility curves in the form given in Figure 1
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Figure 1. Conceptual diagram of a fragility curve.

To generate the fragility curve for concentrated leak erosion, the process adopted is:
1. Set up the Limit State Equation (LSE) in reliability form:

Z (“reliability") = terit - T 3)

where 7 and 7erit are determined as described above in sections 2.1 and 2.2 respectively.

2. Produce a schedule of the engineering parameters feeding into the LSE, including defining the width and
form of the uncertainty bands around each parameter. In this case the relevant parameters are those in the
characterization of t given in equations (1) and (2)

3. Perform a series of reliability analyses under each of a series of different hydraulic loading conditions
(water levels for riverine levees). For any given loading condition, the analysis comprises of a series of Monte
Carlo simulations, sampling from the uncertainty bands for each input parameter from the characterization of ¢
given in equations (1) and (2). Failure arises in a particular case when the combinations of parameter values in
the limit state function Z give a value for Z which is less than or equal to zero. The probability of failure for that
loading is then the number of times when the simulation gives Z as less than or equal to zero divided by the total
number of simulations.

Using an appropriate fault tree, such curves can be combined with curves for other independent failure
mechanisms by means of de Morgan’s law

As also explained previously (Simm & Tarrant, 2018), a national dataset of generalized fragility curves is
typically used in the UK for broad scale regional or national analyses such as the National Flood Risk
Assessment (NaFRA). These curves are based on levee geometries and geotechnical parameters typical to the
UK. Generic curves for concentrated leak erosion (and other mechanisms) are created for each of the 5 visual
condition grades described in Table 1 above

Fragility curves are also used at the level of an individual levee or levee system to explore the risk
associated with the deterioration of an asset below its target condition. The approach also helps the asset
manager set out the cost and benefits in order to develop a case for investment. At this detailed level, the
limitations of using generic fragility curves become obvious and hence HR Wallingford has developed a web-
based tool (HR-RELIABLE) to permit asset managers easily to create levee specific fragility curves.

From the foregoing it will be apparent that the national/regional approach applied in the UK, developed in
2006-2007, is based on the simplifying assumption that when the interrogation of the fragility curve in the
analysis indicates failure, this is assumed to be an instantaneous full failure and related fully developed breach.
This is a conservative assumption because clearly in practice full failure (breach) can only occur when the
subsequent breach process initiated by the internal erosion is complete; such a breach takes some time to evolve.
The reason for adopting the conservative approach in the first instance was governed by computational time
when we were carrying out flood risk analyses for the whole of England. However, HR Wallingford has
experimented with more complex analyses as described in Gouldby et al (2014). In these studies the fragility
curve was adapted to simulate the probability of breach initiation with breach growth using simple rules in a time
varying model (breach growth was not the main focus of the work). Vorogushyn et al (2011) adopted a different
approach of simulating breach development times stochastically. In the future, it is envisaged improved
approaches will be developed, that both include dynamic breaching within flood risk systems models but are also
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sufficiently computationally efficient to allow large systems to be analyzed given modern computational
resources.

3 Prioritizing defense management activities using annual failure probabilities

As part of a research project on the role of transitions between earthen levees and hard structures such as flood
walls (Simm et al, 2021), a sensitivity testing exercise was undertaken looking at the impact of a range of levees
and hydraulic loading characteristics on the levee fragility under the Concentrated Leak Erosion mechanism (and
also under the Grass Erosion (external erosion) mechanism).. The objectives of the testing were to explore the
sensitivity of the annual failure probability to a number of parameters (e.g. geometry, soils) using hydraulic
loading conditions relevant to the individual levee. It was envisaged that the outcomes of the sensitivity testing
would potentially support both:

a. screening out situations unlikely to pose a risk to the performance of the levee;

b. inspection/data collection by highlighting key information/defects to be prioritized for collection

The following procedure was adopted:

i. Generate the fragility curve relevant to each levee;

ii. Calculate for each fragility curve a single number, the annual failure probability by integrating the
fragility curve with the distribution of extreme loadings at the site in question. This number is determined from
the following relationship:

Annual p(F) = sum of (p(F) given load from fragility curve x load probability) across all loads “4)

The sensitivity analysis showed that for English earthen flood embankments, the focus of concern with
regard to concentrated leak erosion should be on embankments with the following characteristics:

® heights greater than or equal to 2 meters;

®side slopes of 1:3 or steeper;

® crest widths of 4m or less (i.e. ‘narrow’ embankments, rather than ‘wide’ embankments).

4 Conclusions

This paper has discussed the development and use of fragility curves to represent concentrated leak erosion, the
form of internal erosion believed to be most relevant to UK levees. The resulting curves are relevant for both
large scale regional or national analyses of flood risk, but also for decision making on the management of
individual levees. A sensitivity analysis has used these fragility curves combined with asset-specific extreme
loading distributions to determine a national database of levee annual failure probabilities. The databases
suggests that for UK levees the focus of attention on managing concentrated leak erosion should be on
embankments with heights greater than or equal to 2 meters, side slopes of 1:3 or steeper and crest widths of 4m
or less.
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