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Abstract. Flood defence assets such as earth embankments comprise the vital part of linear flood defences in many
countries including the UK and protect inland from flooding. The risks of flooding are likely to increase in the future
due to increasing pressure on land use, increasing rainfall events and rising sea level caused by climate change also
affect aging flood defence assets. Therefore, it is important that the flood defence assets are maintained at a high level
of safety and serviceability. The high costs associated with preserving these deteriorating flood defence assets and the
limited funds available for their maintenance require the development of systematic approaches to ensure the
sustainable flood-risk management system. The integration of realistic deterioration measurement and reliability-
based performance assessment techniques has tremendous potential for structural safety and economic feasibility of
flood defence assets. Therefore, the need for reliability-based performance assessment is evident. However,
investigations on time-dependent reliability analysis of flood defence assets are limited. This paper presents a novel
approach for time-dependent reliability analysis of flood defence assets. In the analysis, time-dependent fragility
curve is developed by using the state-based stochastic deterioration model. The applicability of the proposed approach
is then demonstrated with a case study.

1 Introduction

Best case acenaric Woerat case scenaric

Flooding is a growing problem in the UK and
worldwide. According to the article published in BBC the
majority of the area in England and Wales will be under
the worst case scenario of flood risk, as shown in Figure
1 and the cost associated with increased risk of flooding
may rise by 20-fold in 2080. Recently, the problem was
highlighted again due to severe flooding in 2015/16
winter, causing significant economic losses. Earth dykes,
used as major flood defence structures in the UK, can
become more vulnerable due to changing operation
conditions during extreme events, as evidenced by the
numerous breaches along earth embankments during the
December 2013 East Coast surge event and the collapse
of banks of River Ouse in December 2015. Hence, many
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Figure 1. Risk of flooding in England and wales [1].

existing earth embankments are currently under threat
due to global warming induced sea level rises and
increased sea storminess, which results in increased
magnitude and frequency of hydrodynamic actions, larger
overtopping flows, increased stresses within the
structures and reduced resistance of the structure. Hence,
in order to protect inland from flooding, it is of
paramount importance that these flood defence structures
are maintained at a high level of resilience and
serviceability.
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The prioritization of scarce resources required for the
maintenance repair and rehabilitation of flood defence
structures is a major problem in flood risk management.
Effective flood risk management is important so that the
country is in the best position to tackle risks, and to
protect life and properties. Recent advances in lifecycle
management, preventive  maintenance  strategies,
reliability and optimization techniques could be the
fundamentals for the strategic flood risk management. As
these techniques will help in estimating the reliability of
these deteriorating flood defence structures and making
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decision required for the optimal inspection and
maintenance [2-6]. Therefore, for the effective flood risk
management, the estimation of the likelihood of failure of
the flood defence structures such as embankments under
different hydraulic conditions with respect to their
deterioration sate is essential. This paper presents a novel
approach for time-dependent reliability analysis of
embankments. In the analysis, time-dependent fragility
curve is developed by using the state-based stochastic
deterioration model. The applicability of the proposed
approach is then demonstrated with a case study.

2 Deterioration of embankment

Earth embankments form the majority of linear
flood defences in the UK, especially in rural or semirural
areas. Embankments have been extensively studied with a
wealth of research relating to them particularly when they
are used to create a dam. An earth embankment can have
a very long lifespan with many experts agreeing that its
lifespan is infinite, given good local soil conditions and
regular  maintenance to  ensure  performance.
Embankments are commonly subject to settlement over
their lifespan due to the compaction of the underlying
soils. Local geotechnical or hydrological processes can
cause movement or deformation of the embankment
which, if left unchecked or investigated, can lead to
failure of the embankment through a number of
mechanisms. Detailed information on deterioration of the
embankment and associated failure modes can be found
in Long et al. [7]. HR Wallingford’s Performance &
Reliability study [8] on flood defence assets draws upon
this work and includes a number of performance models
relating to embankments that can be used to derive
fragility curves.
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Figure 2. Potential performance deterioration of earth
embankments (after [8]).

Using the historical data related to embankment
performance and its failures, a new methodology based
on performance based assessment has been proposed and
has been adopted by the Environment Agency [2, 7, 9].
Figure 2 shows the potential performance deterioration of
earth embankment. This methodology involves
assessment of performance features, calculation of failure
mode indices and finally the evaluation of the condition
state of the assets. More details can be found in Long et

al. [7]. The definition of the condition grade as defined by
Environment Agency is given in Table 1. In Table 1, the
five condition rates (1 to 5), ranging from “very good” to
“very poor”, are defined with specific descriptions to
report the condition according to flood defence
performance. In this grading system, Condition State 1
(CS1) denotes the best condition and CS5 represents the
worst condition. The generic description of CS1 is that
the assets are in good condition, and there may be
presents of superficial damage but the damage does not
affect the performance of the feature. The worst state CS5
denotes that the asset is no longer able to perform its
function at even a reduced level.

Grade Rating Description

1 Very Cosmetic defects that will have no
Good effect on performance.

2 Good Minor defects that will not reduce the
overall performance of the asset.

3 Fair Defects that could reduce performance
of the asset.

4 Poor Defects that would significantly
reduce the performance of the asset.
Further investigation needed.

5 Very Severe defects resulting in complete

poor performance failure.

Table 1. Condition grades and descriptions adopted by the
Environment Agency [12].

According to this performance based assessment
method, the Environment Agency has recently published
a deterioration database of various flood defence assets.
These deterioration database are developed to be used to
predict the progression of asset condition through the five
condition grades with respect to time. This deterioration
database is based on real data and information relating to
deterioration processes of individual flood defence assets
and consider different factors: material, environment and
degree of maintenance. In this paper the deterioration
database are obtained from HR Wallingford who is the
industrial partner of this project.

The information on deterioration rates of flood
defence assets is useful for asset management. However,
the asset performance often deteriorates with
uncertainties, due to the nature of uncertain loading
conditions and material properties. Therefore, it is
necessary to translate the deterministic deterioration rates
into the probabilistic deterioration models, so that the
performance deterioration can be used for undertaking
time-dependent reliability analysis and determining risk
cost optimised maintenance strategy [6].

3 Methodology of assessing the risk

As discussed earlier the deterioration of earth
embankment is complex phenomenon, which represents
the different chains of events leading to the failure of the
embankment. Failure here is defined as the performance
failure with respect its flood defence capacity. In a
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quantitative flood risk assessment, reliability theory is
applied to calculate a probability of failure. Reliability
theory describes the strength R and loading S of failure
mode by means of limit sate equation [10],

Z=R-§ (N

In equation (1), the embankment fails when loading
exceeds the strength (Z< 0). Though the design and asset
management of flood defences requires detailed
understanding of the failure mechanism, flood risk
assessment currently relies on approximate description of
strength and loading of flood defence assets. Therefore, a
generic fragility curve is used in flood risk assessment.
The generic fragility curves are derived using traditional
reliability methods as shown in equation (1).The generic
fragility curves have been developed through
consideration of two failure mechanisms: 1) failure
through piping, occurring where hydraulic pressure
gradients arising from extreme fluvial water levels or sea
levels, causes seepage through defences, leading to
internal erosion, and 2) collapse and failure owing to rear
face erosion of the defence from overtopping [2]. A
FORM method was used for integration of the resistance
variables over the failure region. As few data currently
exist on the parameters of the limit state equations, their
ranges and distribution functions have been assigned
using expert judgement. The uncertainties introduced
within the process are captured using upper and lower
bound estimates (see Figure 3). A detail development of
generic fragility curve is out of scope of this paper. In this
paper a generic fragility curve of Humber estuary
developed by HR Wallingford are used for the analysis.
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Figure 3. A generic fragility curves of earth embankments [2].

Similar to other civil engineering structure, the first
step of the risk assessment of flood defence structures
like embankment is to identify the vulnerability of the
flood defence assets. Therefore, in order to measure the
vulnerability —associated with different state of
deterioration, Markov chain model is used this paper,
since this model can deal with the deterioration with
uncertainties and gives the information of deterioration in
stochastic nature.

Markov chain models are particularly suitable for
state-based condition assessment and have been
successfully implemented in bridge condition assessment
e.g. PONTIS [11]. In a Markov process, the probability

of transition to a future state, given the current state, is
independent of the past states. For homogeneous Markov
chains, the rate of transition from one state to another is
constant over time. A change of state occurs only at the
end of the time period and nothing happens during the
chosen time period. The probability of moving from any
given state 7 to state j on the next time interval is called
the transition probability, p;. Considering five states
condition state of embankment as defined in EA [12,13],
assuming that the embankment is not repaired as it
deteriorates and the transition happens only between the
subsequent states, the transition probability matrix P in
Markov chain deterioration modelling can be expressed
as [6,14].

Ry B, 0 0 O
0 P, P, 0 0

~ 22 23 (2)
P={0 0 B, B, O
0 0 0 P, P
0 0 0 0 PR

A transition probability matrix is fundamental part of
Markov-chain model. The estimation of transition
probabilities matrix required data from condition
assessments of the existing structures. Therefore in this
paper, condition deterioration data obtained from HR
Wallingford will be wused. Several methods like
percentage  prediction method, regression-based
optimization method and non-linear optimisation
techniques are frequently used in the estimation of
transition probabilities matrix. In this paper transition
probability matrix P for r transitions is obtained by
minimizing the difference between the observed and the
predicted condition state of the flood defence assets,
given as

1=Te
Minimise: ' $'|0()- E()| 3)

1=T; n=1

Subject to: 0<p;<1, fori,j=1,2,..,5

5 .
fori=1,2,.5
pl..zla 3 Lgesy
;J

where ¢ is the age of the flood defence structure; 7, and 7,
are starting and ending age for each zone of the asset,
respectively; N is the total number of transition periods in
each zone; O(7) is the observed condition state at time £
and E(f) is the expected value of condition at time ¢ for »
transitions based on the Markov chain model. The
difficulty  associated with using mathematical
optimization techniques in equation (3) is due to its non-
linear nature and can be solved by non-linear
optimization techniques such as Evolutionary Algorithm
(EA) and is adopted in this study. The expected condition

rating E(7) is given by E(t)=C"S" =C”P®sT in which
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C9is the initial condition state vector at year zero, by
assuming that the newly constructed flood defence asset
and its components are defect free and have a condition
grade of 1, which gives an initial condition state vector of

Cc”=[0 0 0 0 0],andS is the condition rating vector
givenby S=[1 2 3 4 5].

4 Case study

Embankment of the Humber estuary (Figure 4) are
now utilised to demonstrate the applicability of the state-
based stochastic performance deterioration model in
development of time dependent fragility curves.
Therefore, in this section performance deterioration data
of defence class 45 and generic fragility curve obtained
from HR Wallingford as mentioned in Table 2 and Figure
5, respectively, are used in the analysis.

Figure 4. Humber Estuary Study location map [15].

Condition states 1 2 3 4 5
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Table 2. Deterioration data of embankment
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Figure 5. Generic fragility curves of embankment.

The proposed methodology of do-nothing scenario
(i.e with no maintenance) is now applied to predict the
state of the embankment over time and to evaluate the
probability distribution of condition state from the
associated deterioration rates. As mentioned earlier, the
deterioration of the assets with progress of age is
represented by five different condition states (1 to 5). A
MATLAB code was developed for the proposed state
based stochastic performance deterioration modelling,
and nonlinear optimization based on evolutionary
algorithm for the problem described in equation (3) was
adopted in the iterative procedure until it converges to the
actual condition state. Similar process was performed to
evaluate the transition probability for each stage during
the assets’ life cycle. The estimated transition probability
matrix for first stage of transition in case of no
maintenance strategy as defined in equation (2) is given
as

(068 032 0 0 0]
0 078 022 0 0

P=l 0 0 085 015 0 (4)
0 0 0 069 031
0 0 0 0 100

Based on the evaluated transition probability matrix,
condition state distribution during the lifecycle of the
structure concerned can be evaluated using the developed
Markov chain model, as plotted in Figure 6. The results
show how the embankment initially at condition state 1
(i.e. CS1) deteriorates from one state to another (CS1 to
CS5) through the progress of time. From the results, it is
clear that the probability of CS1 vanishes at
approximately 20 years. CS3 has highest probability,
compared with other condition states between the ages of
10 and 40 years. As expected, CS5 increases steadily
with time, reaching approximately a probability of 70%
at age of 40 years.
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Figure 6. Condition state probability distribution over
life time of earth embankment under no maintenance
strategy.
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In order to validate the proposed methodology, Chi-
square Goodness-of-fit test as used by Ranjith et al. [16]
is utilised. The Goodness-of-fit test using Chi-squared
test statistics, which is based on null hypothesis, is
evaluated by using observed condition state and the
estimated condition state by the Markov chain model
The evaluated values for the embankments are much less
than the critical Chi-square value of 9.49 in this study,
which validates the evaluation of condition states by
using proposed state-based stochastic performance
deterioration model.

By using the generic fragility curves shown in
Figure 5, together with the obtained condition state
probability distribution shown in Figure 6, the time-
dependent fragility curves are determined, as shown in
Figures 7 and 8. Figure 7 shows how the probability of
failure of the embankment increases with time for
particular water level represented by X.
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Figure 7. Time-dependent fragility curves for various
water level.
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Figure 8. Time-dependent fragility curves at various
given times.

Similarly, the trend of time-dependent probability
of failure of the embankment with increasing water level
for every 10 year interval starting from t = 0 to t = 40
years is presented in Figure 8. As expected the
probability of failure of the embankment increase with
both increase in time and water level. It is clear from the
results, that the proposed methodology is capable of

transferring deterministic deterioration model into time-
dependent fragility curve considering uncertainties
associated with the embankment deterioration.

5 Conclusions

This paper presents a novel approach for time-
dependent reliability analysis of the embankment. In the
analysis, the time-dependent fragility curve is developed
by using the state-based stochastic deterioration model.
The applicability of the proposed approach is then
demonstrated with a case study of Humber estuary. At
first a state-based stochastic deterioration model based on
Markov chain was developed. By using the information
from the state-based deterioration model in the generic
fragility curve, a time-dependent fragility curve is
developed. The developed time-dependent fragility curve
is capable of giving the information related to the time-
dependent probability of failure of the embankment with
rising water level.

On the basis of the results from the case study, the
following conclusions are drawn: a) The deterministic
asset deterioration model can be transferred to
probabilistic performance deterioration models by using
the proposed state-based stochastic modelling; b) The
probability distribution of each condition states of the
embankment over time can be obtained from state-based
deterioration. The results obtained from the model show
that the probability of good condition states continuously
decreases with time, as expected; c¢) Time-dependent
fragility curves are determined with consideration of
stochastic performance deterioration. The developed
time-dependent fragility curve of the embankment
provides important information regarding the
performance deterioration over time with uncertainties
and the obtained information can be further used for
determining the risk-cost based optimised maintenance
strategy.
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