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Abstract. Sensitivity analysis applied to the flooding process is discussed in the paper. The analysis was done as part
of the ISMOP project devoted to elaborating and designing a complex system for embankment monitoring and threat
forecasting. The analysis was performed using selected geotechnical parameters that describe embankment state. It
was shown that the sensitivity analysis method is very practical for detecting places where the largest vertical

displacement and pore pressure distribution are observed. The sensitivity analysis was carried out for a single flood

wave numerical experiment as well as for a double successive flood wave experiment. Comparison of the results
allowed us to detect the places where the biggest differences in total relative sensitivity values are observed. Plots of
these differences can help to indicate the particular places within the embankment that are the most influenced by
successive flood waves and should be especially examined during field experiments as part of the ISMOP project.

1 Introduction

Reliable flood defence is an important issue for the
maintenance of the security of any country. This is a key
issue for not only lowland areas and environmental
protection, but is also essential for densely populated
areas with a high degree of industrialisation. A
commonly used method of flood protection is river
embankments. Without embankments, most countries
would be regularly inundated during seasonal high water
levels or other sudden weather phenomena resulting in
intensive precipitation. Therefore, much attention is paid
nowadays to issues related to the design, construction,
and maintenance of river embankments. In addition to
visual inspection and modern sensor technology, a lot of
work is also carried out to update levee state assessments
during high water conditions [1-4]. The ISMOP project
[5] is an example of such an experiment conducted
currently in Poland. The main aim of the ISMOP project
is to research complex systems for embankment
monitoring and threat forecasting [6-7]. For the purpose
of this project, an experimental embankment was
constructed in order to measure the impact of given flood
wave scenarios on the river embankment. Considering the
fact that experiments conducted during the tests cannot
cover all possible scenarios for the development of flood
waves, several numerical models were constructed to
discover the parameters that have the most impact on
flood waves. A sensitivity analysis method previously
used for uncertainty analysis in a real geotechnical
problem [8] was used to indicate the most significant
parameters of flood waves in terms of embankment state.
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2 Sensitivity analysis

Sensitivity analysis methods can be used in a wide
range of scientific areas including decision-making,
communication, and estimation or analysis of
relationships between input and output variables in order
to increase understanding of complicated systems. The
other field of application is model development,
including simplifying or calibrating models and testing
them for validity and accuracy. Sensitivity analysis can
be applied in many different ways [9-10]; however,
various analyses may not produce the same results [11].

In this work, a sensitivity analysis method was
applied to the problem of determining the flood wave
parameters that have most influence on embankment
state. The analysis can be divided into three separate
stages in which values of sensitivity ratio, sensitivity
score, and relative sensitivity are calculated respectively.

The sensitivity ratio nsg can be described as the
percentage change in model output divided by the unit
change of the input variable according to Peschl [12]:
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where:  f{x,) is the reference value of model output
obtained after using the reference value x,, of the given
parameter and f{x; ;) is the value of the output variable
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obtained after using the changing value of the given input
parameter x;, g

For each considered parameter, four sensitivity
ratios are computed and can be separated into two
categories: local and global. For the local category, input
parameter value x;, is varied within a small interval of a
random set. In the global sensitivity ratio, the input value
of a given parameter xg is varied across the whole range
of a random set (fig. 1).
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Figure 1. Local and range intervals and schematic
representation of sensitivity calculated from sensitivity ratio.
Modified after [12].

Sensitivity score 7jss is a more robust method of
evaluating the uncertainty of a given model. It is obtained
by normalising and weighting the sensitivity ratio value
in an input parameter. It can be written with the following
expression:

max X, —min x
Mss = sk ( < N G) 2

The normalisation procedure makes the sensitivity
score independent of the input value units of a given
parameter. Sensitivity score 7gs; i= 1,2..N is calculated
for all N number of basic parameters being considered.

The total relative sensitivity a(xi) for each input
variable is computed as a summation of all sensitivity
scores (local and range) for each input parameter 775, on
the respective results such as displacement, forces, pore
pressure, or factor of safety. It can be written as (3):

a( , ZUSS;
2277351

The total relative sen51t1v1ty can be used to
determine which parameters have great impact on the
safety factor if a threshold value is determined. Usually a
threshold value between 5% and 10% is considered
appropriate [13].

The sensitivity analysis of the geotechnical
construction was conducted using a single value of
specific parameters such as the safety factor of the slope
[13-14] or displacement at a few points within the
considered construction [15]. Sensitivity analysis is also

(€))

used to indicate changes in parameter values during
development of the modelled process [8]. Recently,
sensitivity analysis conducted on all computational nodes
of a numerical model has been introduced [16]. In this
paper, sensitivity analysis calculations conducted for the
parameters that describe the evolution of the flood wave
for all computational points of the river embankment are
presented.

3 Flood wave cyclicality modelling

Numerical modelling of the impact of flooding on
embankment state was performed using FLAC, a two-
dimensional explicit finite difference program. The
software allows the performing of the coupled
mechanical-fluid and flow-thermal processes used in
embankment stability modelling [17].

3.1 Description of the geological model

Numerical calculations were performed using a
numerical model of the experimental embankment built
for the ISMOP project. The geometry of the assumed
numerical model that is consistent with the cross- section
through the experimental embankment is depicted in (fig.
2).
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Figure 2. Geometry of the geological model assumed for the
numerical calculation.

Material parameters for the assumed model are
presented in the table below (Tab. 1).

Symm | Asymm
etric etric Subsu Silty Sand
rface
levee levee
Density 208 | 207 | 210 | 189 | 1.83
[g/cm3]
Cohesion
[kPa] 16.9 24.1 10.3 13.7 9.75
Friction 376 35.6 329 | 225 | 358
[deg]
Bulk module
[MPa] 10.1 7.25 7.25 16.2 36.3
Shear module
[MPa] 6.04 3.35 3.43 6.63 21.8
Porosity 27% 27% 27% 40% 35%
Permeability 1.18 1.80 1.49 1.32 5.50
[m/s] x10™ x10™ x10* | x10* | x10™

Specific heat 840 for all geological medium and
[J/Kg K] 4,189 for fluid
Therrr}al' 1.6 for all geological medium and
conductivity 0.6 for fluid
[W/mK] )

Table 1. Material parameters
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3.2 Description of the sensitivity analysis of the
flooding process.

Development of the flood wave experiment
conducted during the ISMOP project can be described by
five independent parameters: rate of water level increase
(fig. 3a), time of high water persistence (fig. 3b), rate of
water level decrease (fig. 3¢), interval between successive
flood waves (fig. 3d), and height of flood waves (fig. 3e).

a)

4Tl

Figure 3. Parameters of flood wave: ascent (a), high plateau (b),
descent (c), low plateau (d) and height of water (e).

During the sensitivity analysis, two types of flood
process were examined: a single flood wave, and flood
waves comprising two successive flood waves. Two
intervals of parameters were determined independently.
The first set was determined by analysis of historical
floods in Poland in the basin of the Vistula River where
the experimental embankment was built [18]. The second
was assumed according to the ISMOP project
documentation that applied certain limited values to the
rate of water level changes and the height of water level
(experimental knowledge). Parameters of flood wave
water regarded as basic variables are summarised in table

3.3 Numerical calculations.

For the sensitivity analysis of the flooding process
described above, more than twenty deterministic models
are needed. In each model the lower or upper limit of the
local and range interval of each parameter was adopted.
The value of the remaining four parameters was fixed
with reference values. Results of numerical modelling
were pore pressure distribution and vertical displacement
obtained for each computational node of the assumed
numerical model. Values from all 21 flooding process
development scenarios were then processed in order find
which of the five basic parameters are most significant
and contribute most to output variability.

4 Results of the sensitivity analysis of
the flood wave parameters.

Sensitivity analysis of the flood wave parameters
was carried out for a single flood wave and double
successive flood waves on the river embankment. Figures
4, 5,7, and 8 show the results of the analysis obtained for
all computational nodes, indicating the impact of the
basic flood parameters on pore pressure distribution and
vertical displacement within the embankment. These
plots correspond to the value of the sensitivity score
(equation no 2) described above. The results of sensitivity
analysis conducted for pore pressure distribution and
vertical displacements that correspond to the total relative
sensitivity (equation no 3) are also presented (figures 6
and 9). In the presented plots, the sensitivity score and
total relative sensitivity values less than 10% were
discarded.

4.1 Sensitivity results after single flood wave.

The numerical modelling of the flooding process
was carried out with different duration for each of the 21
scenarios. Duration of the flood wave modelling varied
from 9 to 14 days. The results of sensitivity analysis
using the sensitivity score for pore pressure and vertical
displacement distribution and total relative sensitivity are
presented in figures 4, 5, and 6 respectively.

2. The reference value of each flood wave parameter was ~ascent’ ' : ' ' ]
assumed as a mean of the values of two assumed E [ ‘ E : : d
. 80 70 80 90 100 110 120 130 140 150
intervals. e S . - ; ‘
E - al high plateau )
xperimenta : . ‘ ; . = . |
investigation Expert knowledge 60 70 80 90 100 110 120 130 140 150
min max min max descent - - ‘
E : L ; R i : . |
ascent 24 72 36 60 60 70 80 90 100 10 120 130 140 150
= h[h]] - low plateau " ! i i
1gh plateau E ] i ‘ i ; 2 i |
[h] 12 120 24 84 80 70 80 a0 100 110 120 130 140 150
d t water Height ' ‘ ! il y
e 54 126 66 90 s i e e—
[ ] @0 70 80 a0 100 110 120 130 140 150
low plateau 24 144 48 96 Figure 4. Sensitivity score values of flood wave parameters for
(h] the pore pressure distribution.
heigh
waterheight | 5 4 3.25 3.75
[m]

Table 2. Basic variables for material parameters (input
values).
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Figure 5. Sensitivity score values of flood wave parameters for

the vertical displacement distribution.
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Figure 6. The total relative sensitivity values of flood wave

parameters.

For the distribution of sensitivity score values
obtained both for pore pressure field and vertical
displacement modelling, no effects of the rate of water
level increase can be observed. This is also reflected in
the total relative sensitivity values, which are actually
less than 5%. The sensitivity score obtained for the
results of the pore pressure modelling show that the most
significant flood wave parameters are water height and
time interval after successive flood waves (low plateau).
However, there are some embankment areas where also
the rate of the water level decreasing and the duration of
the high plateau are significant values. The same
calculation performed for vertical displacement of the
embankment shows regions where the impact of the rate
of water level decrease and the duration of the high
plateau can be observed. Figure 6 shows that when a 10%
threshold wvalue is accepted, there are four most
significant parameters that should be used when
constructing scenarios for embankment stability analysis:
duration time of high water level, rate of high water level
fall, time interval between successive flood waves, and
water level.

4.2 Sensitivity results after double successive
flood wave.

We extended our research of the sensitivity analysis
of the flood wave parameters to the case of a double
flood wave. Such analysis allows us to estimate the real
impact of the low water plateau duration parameter on the
distribution of pore pressure and vertical displacement
values within the embankment. As in the case of a single
flooding process, different flood wave modelling duration

times were applied for all 21 scenarios. In this case, the
minimum scenario time of the flood process was 18 days,
compared to the maximum of 28 days. The results of
sensitivity analysis using the sensitivity score for pore
pressure and vertical distribution and total relative
sensitivity for a double flood wave cycle are presented in
figures 7, 8 and 9 respectively.
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Figure 7. Sensitivity score values of double flood wave
parameters for pore pressure distribution.

= ascent’ ' . ! *

}_!_—\: * I ( 1 n’a e
&0 70 20 90 100 110 120 130 140 150

— T . 1
high plateau _ - ‘ .

60 7O 80 80 100 110 120 130 140 150
descent o o 9

_ I L . e —
B0 O 80 90 100 110 120 130 140 150

| T . T

low plateau

it} 70 80 90 100 110 120 130 140 160
water height o k¥=

60 70 80 90 100 o 120 130 140 150

Figure 8. Sensitivity score values of double flood wave
parameters for vertical displacement distribution.
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Figure 9. Total relative sensitivity values of flood wave
parameters obtained for double flood wave cycles.

The results obtained for the application of
sensitivity analysis to double successive flood wave
modelling also indicate that the rate of water level
increase is insignificant for embankment state. Its value
can be fixed and should not be included in the
determination of flood wave scenarios. The sensitivity
analysis of the impact of a double flood wave indicated
the greater influence of water level decrease rate and high
plateau duration on pore pressure results than was
calculated for a single flood wave. This is a consequence
of existing saturation caused by the first flood wave. In
figure 10, differences between the total sensitivity values
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computed for single and double flood waves are
presented. The differences were plotted for all four
significant flooding process parameters.
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Figure 10. Differences of the total relative sensitivity values

between single and double flood wave cycles.

The plots of differences show that all four parameters are
sensitive to residual saturation. The places where
differences are observed are generally in the same part of
the embankment. Of all four significant flooding process
parameters, the plot of water level reaches the highest
values. The differences in total relative water level
sensitivity computed for single and double flood waves
are also visible on the largest areas of the embankment
relative to other parameters.

5 Conclusions

In this paper, sensitivity analysis was applied to the
problem of the influence of flooding processes on
embankment state.

It was shown that the sensitivity analysis method is
very practical for dealing with detection of places in the
embankment where the biggest impact on vertical
displacement and pore pressure distribution are observed.

The sensitivity analysis conducted for single flood
wave scenarios and for double successive flood waves
allowed the same conclusions to be drawn about the
significance of the flood wave parameters. Both types of
scenarios (single flood, double flood) indicated four
significant parameters: the duration of high water level,
the rate of high water level fall, time interval between
successive flood waves, and water level. As is presented
in this paper, these parameters should be used in the
construction of scenarios for embankment stability
analysis.

The sensitivity analysis also allowed the biggest
differences in total relative sensitivity values to be
detected. The differences plot can help to indicate areas
within the embankment that are most exposed to
successive flood waves and should be especially
examined as part of the ISMOP project.
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