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ABSTRACT: One of the failure mechanisms of dikes is slope instability at the landward side. Often,
one instability does not lead to flooding, and several successive instabilities are needed before the dike
overtops, and erosion and breaching can occur, especially at lower water levels. In this paper we propose
a method to estimate the probability of flooding, taking into account the residual resistance against
flooding after the first instability. We base ourselves on basic probabilistic techniques and common
slope stability analyses and estimate the probability of flooding by calculating the probability of several
successive (conditional) instabilities. Because the geotechnical failure and dike failure is not the same
for each water level, we evaluate the probability for different water levels. The case example shows that
there is a considerable margin between the probability of geotechnical failure and the probability of
flooding, especially at relatively low water levels. It also shows that the current practice of assuming that
the probability of flooding is equal to the probability of instability is very conservative.

The protection of low-lying land against flood- as maximum probability of failure, should be inter-
ing often relies on the presence and resistance of preted as probability of flooding.

earthen dikes. One of the failure mechanisms of
dikes is slope instability, where a soil mass slides
along a slip plane, see Figure 1. However, not all
slip planes will remove such a large part of the dike
section that this will lead to flooding. Almost cer-
tainly not when instability coincides with low water
levels, see Figure 2.

The safety standards for dikes in The Nether-
lands are among others based on an optimization
of economic and societal risk of flooding (ENW,
2017). The consequences of flooding include both
the cost of damage to the flood defence itself and
the cost due to damage (and casualties) in the pro-
tected area. Therefore, the safety standards, defined

Figure 1: Slope instability without flooding.



13th International Conference on Applications of Statistics and Probability in Civil Engineering, ICASP13

Seoul, South Korea, May 26-30, 2019

=
~
-~ -
..........

s -
..........

Figure 2: The first slope instability does not cause flooding at each water level, especially at low water levels (a

and b).

In the current Dutch safety assessments it is, how-
ever, common practice to assume that a single slope
instability always leads to flooding. Assuming that
the probability of flooding is equal to the probabil-
ity of geotechnical failure is certainly conservative
and does not take into account that there can be sig-
nificant resistance left to protect the hinterland from
flooding. For example, the dike height can be suffi-
cient to withstand the high water level and the resid-
ual profile can have enough resistance to prevent
successive instabilities. At present, we do not con-
sider that significant damage to the dike body (e.g.
by retrogressive slope failure) is necessary before a
breach occurs which leads to extensive erosion and
flooding that eventually lead to the damage as re-
ferred to in the safety standards.

Models that describe the full process of flood-
ing due to slope instability require the integration
of geotechnical (stability) models with erosion and
breach growth models. Such models are complex,
because those have to deal with large deformations
and complex soil-water interactions. Currently,
geotechnical models are being developed to de-
scribe this process numerically, using the Material
Point Method. Although the Material Point Meth-
ods has been demonstrated successfully for slope
failure in dikes (e.g. Zabala and Alonso (2011);
Wang et al. (2016); Coelho et al. (2018)), the use
of such models is not common practice. And, un-
fortunately, such models are also computationally
demanding (Remmerswaal et al., 2018) and hence
not very suitable for probabilistic analyses with low
probabilities. Therefore, we propose a practical
method to incorporate the residual resistance of the
dike after slope instability of the landward slope.
The method is based on basic probabilistic tech-

niques and common slope stability analyses and can
be used to judge about the level of conservatism
of the current practice. First we define the cor-
rect limit state for flooding. Then we propose a
method to incorporate the probability of successive
slip planes in the probability of flooding, demon-
strate the method with a case study and finally show
the impact of this method, compared to the current
practice.

1. FLOODING IS FAILURE

In this article failure is defined as the state in which
the primary function is no longer fulfilled. For
dikes, the primary function is to protect the hin-
terland against flooding. Therefore the probabil-
ity of failure is defined as the probability of flood-
ing and not as the probability of geotechnical fail-
ure. In addition, dikes can have also other im-
portant functions such as traffic or recreation, for
which geotechnical failure often directly leads to
loss of function. These secondary functions, how-
ever, do not have to meet such strict safety stan-
dards as statutory for flooding, which are in the or-
der of 1/1000 to 1/1 000000 per year in The Nether-
lands. We only speak of flooding when the wa-
ter leads to loss of life and significant economic
damage (ENW, 2017). Such damage can only be
caused when significant volumes of water flow into
the protected area, for example when extreme over-
topping occurs or when a breach is formed.

1.1. Flooding by retrogressive slope failure

There are many failure modes for flooding due to
instability. In general we can speak of flooding
when significant volumes of water can flow into the
polder e.g. by a breach in the dike. This is typi-
cally the case when instability causes reduction of
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Figure 3: Event tree for flooding caused by several successive slope instabilities.

the dike height and hence overtopping, erosion and
breaching can occur. A reduction of the crest height
can happen by one instability, but also by several
successive instabilities. This is shown in the event
tree in Figure 3. From the event tree, it follows that
the probability of flooding by retrogressive failure
is a parallel system (all events must occur), whereas
the different failure modes act like a series system.

Figure 4 shows one example of how successive
instabilities eventually can lead to flooding. In the
example, a breach is only likely to occur after the
second instability. So, only when both the first (1)
and the second instability (/) occur, we can speak
of flooding. Notice that the event of the second
instability is conditional to the damaged geometry
profile after the first instability: L|l;. The events
that must occur for this specific failure mode are
depicted with a pink dashed line in the event tree.
Because all event must happen, we can can write
the probability of the failure mode in this example
as follows:

P(F)ZP(IzUlﬂll) (D)

More generally, we can write the probability of
flooding due to successive instabilities (retrogres-
sive failure) as follows:

P(F)=P (ﬁl,—) =P (ﬁ I,-\IH) P(l1) (2
i=1 i=2

Where /; is the event of instability i and n the to-
tal number of successive instabilities necessary for
flooding. Note that each instability /; is always con-
ditional to the preceding instability: [;|I;_;.

First crack

_/ \ \
/ L\—\Elstabilityll

M

Figure 4: Process of several successive slope instabili-
ties that lead to flooding.

1.2.  Implementation with slope stability analyses
In the previous paragraph, we propose to incorpo-
rate the probability of retrogressive slope failure in
the probability of flooding by approaching it as a
chain of conditional events of successive instabili-
ties that all have to happen to cause a flood. In this
subsection we demonstrate a practical implementa-
tion with common slope stability analysis, such as
Limit Equilibrium models Bishop and Spencer. To
that end we follow the next step wise plan:

1. Determine the critical slip plane in the original
geometry profile. The critical slip plane is the
most likely slip plane, i.e. the slip plane with
the highest probability of failure. The proba-
bility of the first instability is denoted by P(I}).

2. Assess the damaged geometry profile (based
on simple assumptions or rules-of-thumb) af-
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ter the first instability. Evaluate if the instabil-
ity causes a flooding. In order to avoid conser-
vatism, we propose a pragmatic definition for
flooding: if the remaining crest level is lower
than the outside water level.

3. If the instability causes flooding, then P(F) =
P(I,). Else, take the damaged geometry pro-
file as starting point for a next slope stability
calculation and compute the probability of in-
stability of the next critical slip plane, which is
conditional to the first instability: P(L|I;).

4. Again, assess the damaged geometry profile
after the preceding instability and evaluate if
flooding occurs. If this instability causes a
flooding, then we calculate the probability of
flooding as probability that the first and the
next instabilities have occurred: P(F) =P(I}N
L) = P(L|I) - P(I)). Else, repeat step 4 until
the failure criterion is met.

Because failure in this example is dependent on the
water level, we need to consider the probability of
flooding conditional to the water level. Therefore
we write Equation 2 conditional to the water level
as:

P(F|h) =P (ﬁli\h> =

i=1
n

P <ﬂ1,~|1,-1,h> -P(I|h)
=2

By numerical integration of the conditional failure
probability with the probability density of the out-
side water level, we obtain the probability of flood-
ing:

3)

P(F) = [ P(FI)f(h)dh )
Note that, although the water level (and therefore
the reaction to the phreatic level) is in reality time-
dependent, this analysis assumes that the proba-
bility density function of the water level refers to
steady state conditions at the peak water level of
the high water wave. We discuss this further in sec-
tion 4.

Seoul, South Korea, May 26-30, 2019

1.3.  Correlation between slip planes

The probability of failure of a parallel system
(AND-gate) depends on the correlation between the
considered events. When all instabilities are mutu-
ally dependent, then the probability of the system
is determined by the lowest probability of the in-
dividual components P(F) = min (P([;|;—1)). In
case all instabilities are mutually independent, then
the probability of the system is the multiplication:
P(F) =T[1P(Li|L;-1).

For successive slope instabilities it is neither ex-
pected that two slip planes are fully independent,
nor fully dependent. It is a conservative approach to
assume that two sliding planes are fully dependent
(like in e.g. van Montfoort (2018)). Therefore it is
more accurate to base the system probability on the
actual correlation between the events, e.g. using the
equivalent planes method (see Hohenbichler and
Rackwitz (1982); Roscoe et al. (2015)). According
to Vrouwenvelder (2006), we can approximate the
(linear) correlation coefficient between two sliding
planes (i and j) based on the FORM influence co-
efficients o and the auto-correlation p for variable
k, see Equation 5.

m

p(I;,1;) ~ Z Gk Qj k- Pijk
k=1

®)

2. CASE STUDY

2.1. Case description

We apply the proposed method to estimate the prob-
ability of failure to a simple cross-section of a clay
dike on a clay layer. The strength of the dike
core above the phreatic level is modelled by a crit-
ical state friction angle and the dike core below
the phreatic level and the other clay layer with
undrained shear strength parameters. The phreatic
line is modelled as steady-state response to the wa-
ter level. The geometry is illustrated in Figure 5 and
the material properties in Table 1.

2.2.  Probabilistic analysis

In this example we select the critical slip plane
based on a deterministic analysis with 5%-
characteristic values for the material parameters.
The probability of failure (reliability) for this slip
plane is calculated using the First Order Reliablity
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Table 1: Probability distributions of the random variables
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Name Unit Description Distribution | Parameters
DikeCore, S - Undrained shear strength ratio | Lognormal | u =0.35 ¢ =0.05
DikeCore, m - Strength increase exponent Lognormal | u =0.85 0 =0.05
DikeCore, @ ° Critical state friction angle Lognormal | u =32.00=2.5
DikeCore, POP* | kPa Pre-overburden pressure Lognormal | u=15.00=4.0
Clay, S - Undrained shear strength ratio | Lognormal | u =0.30 ¢ = 0.02
Clay, m - Strength increase exponent Lognormal | 4 =0.85 o =0.05
Clay, POP* kPa Pre-overburden pressure Lognormal | 4 =10.00=4.0
Sand, ¢, ° Critical state friction angle Lognormal | u=3500=1.5
h m+REF | Outside water level Gumbel u=16p=0.17
my - Model uncertainty Lognormal | u =1.005 o =0.033

*) The POP values are defined at "daily’ conditions, i.e. a phreatic water level of 0.75m+REF.

Method (FORM), conditional to four water levels.
By linear interpolation (in -space) of these calcu-
lated points, we obtain a fragility curve, see Fig-
ure 8. The probability of failure is calculated by in-
tegrating the conditional probability with the proba-
bility density of the water level, according to Equa-
tion 4, using a linear interpolation in -space be-
tween calculated points, see Figure 8. For further
reading about the use of fragility curves as approx-
imation method we refer to Schweckendiek et al.
(2017). For the first critical slip plane, P(I;) =
4.6 x 1072 (reliability index B = 1.7).

Table 2: Calculated reliability indices of stability at
different water levels for successive instabilities.

Reliability index 3
Water level h L I; I | NhLNI}
1.0 m+REF 1.68 | 5.71 | 9.60 11.06
2.0 m+REF 1.67 | 5.42 | 9.17 9.94
3.0 m+REF 1.57 | 4.63 | 8.35 8.65
4.0 m+REF 1.43 | 3.77 | N/A 3.77
| Integrated  [| 1.69 | \ | 534 |

*) Note: the second and third instability is
conditional to the preceeding instability, i.e.
L =0\l and s = L| (LN 1)).

2.3.  Retrogressive failure

Figure 6 shows the critical slip plane in the initial
situation. The sliding plane enters in the crest of
the dike, but does not lead to a reduction in crest

height. Therefore, the failure definition (flooding)
is not met for any of the water levels. We schema-
tize the dike geometry after the instability, based on
the assumption that the soil wedge subsides half the
dike height, see Figure 6. Although this assumption
is certainly not perfect, it is a realistic assumption
and suits the goal of demonstrating the probabilistic
method.

We use the damaged geometry profile after the
first instability (Figure 6) as starting point for the
next probabilistic slope stability analysis. In real-
ity, it is possible that the soil properties at the slip
surface or in the disturbed part will change to cer-
tain degree, however for the purpose of illustration
of the probabilistic method we assume that the crit-
ical state strength is not altered.

The next critical slip plane enters the dike body at
a level around 3.5m+REF and causes a reduction in
dike height, see Figure 7. This slip plane will there-
fore lead to flooding for water levels higher than the
remaining dike height. However, for water levels
lower than approximately 3.5m+REF, flooding will
not yet occur and successive slidings are required
before flooding occurs.

The damaged geometry profile after the second
instability (see Figure 7) is used for the next slope
stability calculations. Only analyses are made for
water levels lower than the remaining crest height.
The third of the successive instabilities also leads
to a crest height reduction and therefore flooding
for water levels above 3.0m+REF. The results of
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the probabilistic stability analyses I}, I;|I; and Iz|I,
are shown in Table 2.

Sand

Figure 5: Slope geometry with clay dike (’DikeCore’)
on a clay blanket (’Clay’) on top of an aquifer (’Sand’).
The head in the aquifer is different from the phreatic
level and indicated with the dotted blue line.

Figure 6. Critical slip plane in the initial situation.
The damaged geometry profile after I, (black line) is
schematized based on rough assumptions.

4+ T
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Figure 7: Critical slip plane after the first instability
(|1, ). The damaged geometry profile after I, (black
line) is schematized based on rough assumptions.

2.4.  Combination of successive instabilities
The probability of flooding conditional to the water
level P(F|h) is calculated by combining the proba-

6
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bilities of the individual instabilities per water level
P(I;|h), as in Equation 2, accounting for the ac-
tual correlation between the slip planes, using the
Equivalent Planes method. The result is shown in
Figure 8 with markers. The dashed lines indicate
the upper and lower bounds for the system failure
probability; fully dependent or fully independent
successive instabilities, respectively.

We combine the probability of flooding condi-
tional to the water level with the probability den-
sity of the water level, according to Equation 4 and
obtain the probability of flooding by retrogressive
failure: P(F) = 4.6 x 1078 (8 = 5.3).

10 4
= - - o \ \
9 ==
"N
8
\ \

-3
= A\ :
w \ -
D —

BOT oIS~ v H
g5 - =~—\ 2
=4 —
o)
~ 3
-1

2

1

0 - 0

0,5 1 1,5 2 2,5 3 3,5 4 4,5
Water level [m+REF]
=11 e pdf water level h

—#—11NI2, corr =0—I11NI2NI3, corr

= = [1NI12, corr=0 = = [1NI2NI3, corr=0

= = I1NI2, corr=1 = = [1NI2NI3, corr=1

Figure 8: Reliability indices, conditional to the water
level. Results for the initial instability I, and combined
probability for successive instabilities Iy and Is.

2.5. Instability that directly leads to flooding

As indicated in the event tree (Figure 3), we must
also look at a failure mode where the first instability
directly leads to flooding. For the example consid-
ered, this is calculated by setting a constraint to the
location where the slip plane enters the dike. The
reliability against instability is respectively 8.8, 4.3
and 2.0 for slip circles that would lead to overflow
at respectively 2.0, 3.0 and 4.0 m+REF. Weighted
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with the probability density of the outside water
level, results P(F) =2.4x 1077 (8 = 5.03).

For the considered example, a large slip plane
that leads directly to failure of the flood defence,
has a larger probability of failure than retrogressive
slope failure. An explanation can be that the slide
mass has a positive effect on the successive insta-
bilities, see Figures 6 and 7. Obviously, this is not
always the case and dependent on the shape of the
slide mass. Both failure modes (flooding by one
instability or retrogressive failure) are largely cor-
related, so the failure probability of the ’series sys-
tem’ is close to the maximum of the two: P(F) =
2.4 %1077,

3. PRACTICAL IMPLICATIONS

It is clear that the probability of multiple successive
instabilities is much lower than the probability of
instability of the first critical slip plane. Especially
for low water levels, there is significant difference
between the probability of flooding and the proba-
bility of geotechnical failure. The impact on the to-
tal probability of flooding (integrated over the wa-
ter level) is also significant, because (1) the proba-
bility is dominated by geotechnical uncertainty and
not the water level and (2) most of the probability
density of the water levels is at relatively low water
levels. In the example considered, the probability
of flooding by the first instability governs the fail-
ure probability. However, it is not to be expected
that this will be always the case, so assessing the
’large instability’ only is not always safe.

4. DISCUSSION

In the current example we did not consider extrane-
ous effects that can influence the residual resistance
after an instability. An example is that the first in-
stability can lead to damage to pipelines, which are
often located in the dike. This damage can result
in gas explosions or leakage of water pipes, which
can cause additional damage to the dike or increase
the phreatic levels. We also disregarded the effect
that more water can infiltrate when an impermeable
cover layer slides off after an instability. If such
’second-order’ effects are important, these can be
implemented in the conditions for the subsequent
stability analysis.

Seoul, South Korea, May 26-30, 2019

In the current method, we only looked at one
combination of successive slip planes, however
other combinations of slip planes can result in dif-
ferent failure probabilities. It is recommended to
investigate how relevant these limitations are for
practical use of the method, for instance by prob-
abilistic modelling of retrogressive slope failure us-
ing the Material Point Method.

In the analyses we assumed steady state condi-
tions at the peak water level for the water level.
However, the peak water level is not necessarily the
most critical situation for slope stability. For in-
stance if a slope instability occurs before or after
the peak of the water level, a flooding can be more,
or less likely. In addition, including the time that is
necessary for the successive instabilities to occur,
may reduce the probability of flooding conditional
to the instability. This could be implemented in
the proposed method by replacing 'no’ and ’yes’ in
the event tree (Figure 3) by a probability/likelihood
of flooding, conditional to the preceding instability.
We expect this to be particularly impact when the
load is a relatively short flood wave.

5. CONCLUSION

The statutory safety standards for primary flood de-
fences in the Netherlands are defined as maximum
probability of flooding. Not every instability of
the landward slope leads to flooding at every water
level, which is why we need to look to instabilities
that lead to flooding. In addition to large instabili-
ties which lead to flooding directly, a flood can also
result from multiple successive instabilities.

This article proposes a practical method to as-
sess the probability of flooding by this retrogres-
sive slope failure, based on basic probabilistic tech-
niques and common slope stability analyses. The
case study shows that there is a considerable margin
between the probability of instability (geotechnical
failure) and the probability of flooding, especially
at relatively low water levels.

In the example, the probability of a single in-
stability that directly leads to flooding governs the
probability of flooding, although the probability is
very close to the probability that retrogressive fail-
ure leads to a flood. The reliability indices f are
respectively 5.0 and 5.3. Since the failure probabil-
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ities are so close to each other, it is not to be ex-
pected that assessing the ’large instability only’ is a
conservative approach, since there are likely cases
where retrogressive slope failure is the governing
failure mode. The advanced method proposed in
this paper can be used when as tailored safety as-
sessment of dikes.
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