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Abstract

:

Holistic flood risk management (FRM) aims at minimizing the flood risk (FR) for an entire river basin. To this end, the probability of flooding and its consequences must also be taken into account in the planning of flood risk management measures. If the FR is to be limited by the flooding probability value (e.g., by changing the structural reliability), knowledge of the variability of the limit state is required. As an example, this study quantifies for the first time the variability of the probability of a landside slope failure on homogeneous river levees, using the Monte Carlo simulation. In the slip circle method developed by Krey that is used for this purpose, four geometric and six material input parameters are included as being uncertain, of which four emerge in the result as being relevant influencing variables of the failure probability. These analyses extend our understanding of landward slope failure by the variability of the limit state; the results allow a targeted adjustment of the local failure probability to limit the flood risk. In the future, the methodology presented is to be supplemented by the integration of parameter dependencies and, once in use, expanded to include structured cross-sections or additional failure mechanisms.
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1. Introduction


Holistic flood risk management (FRM) aims at achieving a global minimum of flood risk (FR) in a river basin. Quantifying flood risk (FR) requires a comprehensive understanding of river basin processes, the genesis of floods, the behavior of flood protection systems, and the interaction of floods with floodplains. Therefore, and in light of global climatic changes, the aforementioned aspects have become the focus of current scientific work. Thus, AI-based methods for rainfall-runoff modeling [1] and advanced methods for remote sensing [2,3] are being developed, the regionality of flood events is being analyzed [4] and the behavior of the structural components of an FRM system is being described using advanced methods [5,6,7]. In addition, attempts are being made to transfer the vulnerability of floodplains into damage functions and, thus, to feed them into flood risk assessment [8,9].


  F R = P  ( E )  · C  ( E )  .  



(1)







The FR is calculated according to Equation (1) from the product of the probability of occurrence, P, of an undesirable event, E, and the monetized consequences, C, that are associated with the event [10]:



In the context of this work, the unplanned flooding of a flood protection area as a result of structural failure is understood as one such undesirable event. Various failure mechanisms can cause such an event (e.g., overflow, slope failure, piping, or heave), even though this study is limited to the landside slope failure of a homogeneous river levee. While further failure mechanisms can be found elsewhere, e.g., in CIRIA [11] and ENW [12], the analyses of their probabilities can be taken from the works of Kortenhaus [13], Heyer [14] or Özer et al. [15].



The consequences of unplanned flooding depend, on the one hand, on the respective failure mechanism and, on the other hand, on the water level within the protected area. With hydraulic conditions assumed to be stationary for the purposes of this study, combined with the assumption that a levee breach inevitably results in the flooding of the protected area behind it, the consequences are simplified into a constant. As a result, the flood risk for this study can be described according to Equation (2):


  F R =  P f  · C   ( EUR ) .  



(2)







  P  ( E )    or    P f    cannot be reduced to zero; in other words, there is always one FR that remains [16,17], and the public funds for the FRM are limited. Therefore, there is a need for a benefit-cost assessment in connection with the planning of FRM measures. For this reason, in Germany, there is a general principle of economic efficiency in the applicable regulations [18]. The key question of holistic FRM is, therefore: How can the risk associated with flood events be minimized using the available means?



On the one hand, a targeted industrial and settlement policy offers the possibility of influencing the consequences and, as a result, the FR [19]. On the other hand, the probability of flooding can be influenced. From a hydraulic point of view, upstream, downstream, and on-site measures are available for this purpose [12]. For example, runoff can be retained in the upper reaches of a river, so that the associated retention of the flood wave leads to a reduction in the flood peak at the reference site [16,20,21]. Regarding undercurrent, the discharge capacity can be increased, for example, by shortening flow paths or removing bottlenecks, which also results in a water level reduction at the reference site [22,23]. Finally, protective structures (such as river levees) can be built to prevent the flooding of a protected area [11].



If decision-makers define an acceptable flood risk     FR   req     to be economically safeguarded, according to Equation (3), higher, acceptable probabilities of failure,    P   f , req ,      will be the result for less vulnerable areas (small values for C) than for intensively used or highly vulnerable areas.


   P  f , r e q   =   F  R  r e q    C    ( − )  



(3)







As a result, during a flood event, the hydraulic system tends to be relieved in less critical areas, i.e., the failure and flooding of a protected area, thus minimizing C for the benefit of the entire catchment area. To ensure the effectiveness of this approach, the over-dimensioning of protective structures (e.g., river levees) must be avoided. If, contrary to expectations, they should hold up in the case of a hydraulic event with a very low probability of occurrence, this increases the runoff and, thus, the risk of undercurrent. Therefore, knowledge of    P f    and its variability are essential when planning FRM measures.



The subject of this article is the variability of failure probability, using as an example the landside slope failure at homogeneous levee cross-sections. The variability is analyzed as a result of both geometrical and material input parameters. Therefore, this article begins with explaining the methodology of the study, then details the setup of the empirical experiment and the results, moving on to a discussion of the findings and, finally, our conclusions and outlook.




2. Methodology


2.1. Levee Slope Stability


Levee failures occur repeatedly in connection with flood events and, in terms of a central levee failure database (ILPD) [24], failures can be categorized (e.g., according to the type of failure mechanism, return period of the hydraulic load, or geographical location) [15]. In practice, this results in a failure rate depending on the respective category, which can provide general indications of potentially critical areas [25]. The analysis of individual failure cases helps to broaden our understanding of the process leading to failure [7] and explains, for example, failures on cross-sections that were attested as being stable shortly before the event [6].



However, future-oriented flood risk management that adapts to climate change also requires enhanced forecasting methods, e.g., for risk-based design. While limit state analyses based on laboratory tests are only possible on a small scale [26] and finite element analyses, such as random-finite-element analyses [27], are computationally expensive, analytical methods, due to their simplicity, offer the possibility of running a large number of simulations in a short time, thus allowing less specific but very comprehensive studies.



With regard to the aforementioned ILPD, landward slope failure, both in the form of micro-stability (where sliding mass is limited to the levee cubature) and macro-stability (where sliding mass includes the subsoil (see also [24])) is one of the failure mechanisms most frequently observed on river levees [14,15]. Other failure mechanisms relevant to river levees are overflow and backward piping, initiated by suffusion and heave [15,28,29,30]. To calculate the slope stability analytically, the effects and the resistance of a sliding mass on an effective plane (sliding surface) are compared and, thus, the reliability against sliding is checked. While the calculation method developed by Janbu [31] determines the moment equilibrium of an entire sliding mass with a circular-cylindrical sliding surface, in the methods developed by Bishop [32], Krey [31], and Fellenius [33], this analysis takes place with many small sliding bodies (vertical lamellae). The lamella-based method according to Bishop corresponds to the state of the art in Germany [34]. This is an iterative procedure for which an initial value of stability must be assumed. Since the Krey method is based on the same sliding surface, it assesses the critical state (   S = R   ) equally [31] and is not iterative; it has its advantages over the Bishop method in terms of the computing time required for implementation via numerical, probabilistic analyses. Consequently, this is the method used in the context of this work. Conventionally, the stability statement is made using the safety factor    η = R / S    (cf. Equation (4) and Figure 1). In Equation (4),    T i    is the tangential force, and    G i    is the weight of the  i -th lamella of width    b i    in the sliding surface, inclined at an angle,    α i  ,   to the vertical.  φ  denotes the angle of friction and  c  denotes the cohesion of the soil.


  η =  R S  =     ∑   i = 1  n   T i  · r     ∑   i = 1  n   G i  · r · sin  α i    =     ∑   i = 1  n   (     G i  · tan φ + c ·  b i    sin  α i  · tan φ + cos  α i     )  · r     ∑   i = 1  n   G i  · r · sin  α i      ( − )  



(4)







For the analysis of the probability of failure (cf. Section 2.3), it is recommended to compare stress and resistance based on the reliability  z  (cf. Equation (5)). Compared to the consideration of  η ,  z  has procedural advantages, which are described in Section 2.3.


  z = R − S =   ∑   i = 1  n   (     G i  · tan φ + c ·  b i    sin  α i  · tan φ + cos  α i     )  · r −   ∑   i = 1  n   G i  · r · sin  α i    ( − )  



(5)







The weight force    G i    is calculated from the gravitational constant  g , the cross-sectional area of a lamella,    A i   , the moisture density of each soil,    ρ   f , j ,      and its percentage of the cross-sectional area.    p   s , i , j     .


   G i  = g ·  A i  ·   ∑   j = 1  m   ρ  f , j   ·    p  s , i , j     100     ( kN / m )  



(6)







The moisture density is determined in turn from the grain density,    ρ g   , the porosity,    n ,    and the water content,  w .


   ρ f  =  (  1 − n  )  ·  ρ g  ·  (  1 + w  )    ( kg /  m 3  )  



(7)








2.2. Probabilistic Input Parameters


To determine the probability of failure, the availability of stochastic distributions of the input parameters is a mandatory requirement [35,36]. In the context of slope stability, the porosity, as the ratio of the pore volume to the sample volume      n = V    pore      / V    sample      , the internal friction angle  φ , the cohesion  c , the grain density    ρ g  ,   and the water content    w ,    are relevant variables. For frequently performed soil mechanical tests (e.g., sieve analysis, dynamic probing), there are collections of stochastic quantities, such as those found in Baecher and Christian [35] or ISSMGE-TC304 [37]. In a previous study, distributions of selected soil mechanical parameters were estimated by transforming the results from classification tests [38]. In combination with comprehensive literature research [13,31,39,40,41,42,43,44,45,46,47,48,49], as well as on experience from the development of the calculation program used [50,51], this study is based on the distributions given in Table 1.



Due to the generally small variability of grain density [52] and the sparse availability of water content distribution, the same invariant input distributions are used for both soils considered in this study. Accordingly, a normal distribution, with an expected value of    E = 2.650    kg    m 3      and a coefficient of variation of    COV = 10 % ,    is considered for    ρ g  ,   and  w  enters the analyses using an exponential distribution with    E = 0.075    and    COV = 30 %   , in accordance with the recommendations of Bachmann et al. [51].




2.3. Determination of Failure Probability


In terms of the analysis of slope stability, failure is a condition wherein the stress exceeds the resistance    (   S > R   )   . If the resistance is greater than the stress (   S < R   ), there is a state of non-failure, which in engineering practice is referred to as “stable”. If the stress and resistance are equal (   S = R   ), the limit state is present. According to Equation (5), failure occurs when  z  is less than zero. The probability of failure can, therefore, be determined by integrating the density function of the reliability   f  ( z )    over the negative range of values (cf. Equation (8)).


   P f  = P  (  z < 0  )  =   ∫   − ∞  0  f  ( z )  d z   ( − )  



(8)







Due to the partly non-normally distributed input parameters (cf. Table 1) and the often non-linear limit state equations (cf. Equation (5)),    f z   ( z )    usually results in a complex density function, the integration of which is not trivially possible. However, in order to estimate    P f   , both analytical (e.g., FOSM, FORM, SORM) and numerical methods, such as the Monte Carlo simulation (MCS), are available. An overview of analytical approximation methods can be found in, e.g., Baecher and Christian [35], Ang and Tang [36], and Schneider and Schlatter [53]. While Baecher and Christian [35] and the DWA Deutsche Vereinigung für Wasserwirtschaft, Abwasser und Abfall [54] give an introduction to Monte Carlo analysis, Möllmann [55] and Huber [56] provide additional optimization methods. The implementation of the MCS used in this study is subject to the open-source software ProMaIDes [50].    P f    is approximated by the    n  sim    -fold repetition of the stability analysis with scattering input parameters according to their distribution. At the same time, the number of parameter combinations leading to failure is recorded in a counter variable,    n f   . The approximate failure probability,    P   f , MCS    ,   is thus obtained according to Equation (10) for the realized simulation number,    n p   .


    lim    n  s i m   → ∞    P  f , M C S   =  P f  =    n f     n  s i m       ( − )  



(9)






    lim    n  s i m   →  n p     P  f , M C S   ≈  P f  =    n f     n p      ( − )  



(10)






   n p  =   10    P f      ( − )  



(11)







The larger the value of    n p   , the more accurate the approximation of    P f   . However, an increase in    n p    is accompanied by a longer calculation time, so it is common practice to choose an    n p    value an order of magnitude larger than the expected probability of failure. For an expected failure probability of the order of    P f    ≈   1   ×    10  − 3    ,    n p    ≥    1       ×   10   4   , simulations must thus be carried out (cf. Equation (11)).



The probabilistic assessment of levee stability is usually carried out for defined river levee cross-sections with stochastically describable material properties. If either the geometric or the material input parameters are changeable, this applies equally to the stability assessment. This variability may be a consequence of epistemic uncertainties or of the more targeted influencing of input parameters in the context of planning FRM measures.





3. Setup of Empirical Experiment


To quantify the variability of a landward slope failure, stability analyses are conducted for the cross-section of a homogeneous reference levee on cohesive subsoil (see Figure 1) that is geared toward the minimum requirements in Germany [9]. The levee’s dimensions are: height    h d   = 4.5   m   , crown width    b k   = 3.5   m ,    with both a water and landside slope inclination of    m w     = m   l   = 3   . Therefore, the reference levee has a cross-sectional area of    A = 76.5     m 2    and presents at a deterministic water level,    h w   = 4.0   m   , with the minimum freeboard    f   min       = 0.5   m   .



The reference condition has a failure probability of    P   f , ref     . During the analyses, this is modified geometrically and in terms of its material properties. To put these modifications into perspective, the modified parameter configuration    X i  ′   is compared with the reference state    X i    (see Equation (12)). The modified parameters are the four geometric input parameters (   h d   ,    b k   ,    m w   ,    m l   ; see Figure 2), along with the expected value  E  and the coefficient of variation   COV   of the internal friction angle  φ , the cohesion    c ,    and the porosity  n . The modifications are based on the experience intervals reported in the literature for both  E  and   COV  , so that the investigation intervals of the material analysis are defined as    [  0.7 ·  E  rel        <   E    rel      <   1.3  ·  E  rel    ]    and    [ 0.3  ·   COV   rel        <   COV    rel      <   5  ·   COV   rel   ]  .


   X  i , r e l   =    X i ′     X i      m i t    X i  =  (  A ,    E  ,    COV   )    ( − )  



(12)







Table 2 provides a summary of the studied intervals in both absolute and relative bounds. The comparison of the reference and the modified states results in discrete values for the influence of the investigated parameters. Using regression analysis, empirical functions according to Equation (13) are determined (see Appendix A).


   P f  = f  (   X  i , r e l    )    ( − )  



(13)







In addition, the variability of the expected value  E  and the coefficient of variation   COV   are integrated into the analyses. Based on a reference system with the material properties presented in Table 1, either  E  or   COV   for the aforementioned soil mechanical variables are changed to take account of material-related variability (see Table 2).



In practice, a special role is assigned to cohesion in the stability analyses, as its physical cause and ubiquitous effectiveness are discussed in the soil mechanics community, e.g., as found in Kolymbas [32] or Kempfert and Raithel [52]. Cohesion is taken into account by engineering conservative analyses, which partly neglect cohesion or only include it proportionally. In the context of this work, cohesion is taken under consideration by analyzing the scenarios defined in Table 3.




4. Results


4.1. Variability Quantification


For the ten input parameters considered as variables according to Table 2, discrete function curves will result for each scenario in Table 3 with regard to Equation (13). This means that for eight of the parameters, there are four functions each and for the two analyses of cohesion, there are two functions each (cf. Figure 3). For the reference condition (abscissa value 1.0), the expected failure probability from Scenario 1 is 4.2 × 10−1, which is over 600 times higher than for Scenario 3 with 6.8 × 10−4. This illustrates the relevance of the engineering approach to cohesion in terms of model definition.



The landward slope inclination,    m l   , the expected value of the internal friction angle   E  ( φ )   , the coefficient of variation    COV ( φ ) ,    and the expected value of porosity   E  ( n )    have an influence on the probability of a landward slope failure. For these four input parameters, the trends that are quantified by means of regression analysis can be found in the Appendix A (cf. Table A1). On the other hand, the results for the water-side slope    m w   , the crown width    b K   , and the expected value of the cohesion   E  ( c )  ,   as well as the coefficients of variation of cohesion   COV  ( c )    and porosity    COV ( n ) ,    do not show any influences within the reported experience intervals. In light of the slip circle illustrated in Figure 1, it becomes clear that the water-side slope has no influence, and the crown width has only a small influence on the geometry of the sliding mass. With an expected value of 3 kN/m² and a coefficient of variation of 30 percent, the cohesive effect of the levee body is small, both in general and in comparison to that of the subsoil (cf. Table 1). The section modulus from Equation (5) is, therefore, largely determined by the properties of the subsoil, so that changes to the values of the cohesion in the levee body have no effect on the stability statement. Accordingly, macro stability prevails.



In detail, a negatively correlated trend can be seen for the landward slope    m l    in all scenarios. This means that the flatter the slope and the larger the relative cross-sectional area according to Equation (12) (cf. Figure 3), the smaller the probability of failure of the landside slope. In Scenarios 1 and 2-1, the reduction in failure probability is smaller than in Scenarios 2-2 and 3, with the smallest calculated failure probability associated with a value of 4.6 × 10−4 for Scenario 3 and a 20% increase in cross-sectional area (corresponding to a levee slope of    m l   = 5   ). The expected value of the friction angle    E ( φ )    also shows a negatively correlated trend and exhibits the greatest influence for scenarios with a cohesive substrate. The influence of the subsoil is also confirmed in the results on the coefficient of variation of the internal friction angle,   COV  ( φ )   . However, this shows a positively correlated trend, i.e., the more the internal friction angle scatters, the greater the expected probability of failure. In the context of the internal friction angle and within the considered value intervals, the probability of failure is reduced to 6.4 × 10−4 (in the case of    1.3  · E  ( φ )   = 44.9 °   ) or else 6.8 × 10−4 (in the case of    0.3  · VarK  ( φ )   = 3 %   ).




4.2. Influence of Porosity


It is striking that the results for the expected value of porosity    E ( n )    show positively correlated trends for cohesionless levee cross-sections and no or negatively correlated trends for cohesive levee cross-sections. An increase in    E ( n )    means an increase in the pore fraction of a defined soil volume. Since the pores are usually filled with either water or air, the increase in pores means a reduction in the average density and, in connection with gravity, also in the density of the soil. Consequently, as   E  ( n )    increases, the weight force of the floor lamella,    G i  ,   decreases. Now, according to Equation (5),    G i    has an influence on both the driving and the holding moments of the slip circle, so that the influence of the porosity is shown in the following using a deterministic interval calculation, for the sake of clarity.



If one considers a single lamella as a vertical column on a slip circle, the stress  S  (driving moment), the resistance  R  (holding moment) and the reliability  z  can be determined for different positions of the lamella along the slip circle (cf. Figure 4). If the porosity is included in the analysis via a value interval, the influences of the sliding surface inclination  α  and the porosity  n  on the reliability  z  are shown using Equations (5)–(7).



For a dry lamella 0.5 m wide and 2.0 m high, with a friction angle of 32°, a cohesion of 10 kN/m² and a grain density of 2650 kg/m³,  z  is calculated over the interval    n = [ 0.25 ,  … , 0.5 ]   according to Figure 5. The largest value of the impact    S = G  · r ·  sin α    results in the largest slip surface inclination and the smallest porosity (in the example where    S = 243   kNm / m   ). If  α  is a constant,  S  decreases linearly with  n . In contrast, this decrease in  S  occurs with a constant  n  corresponding to the sine function value for  α , so that  S  becomes zero with a horizontal sliding surface, as a result of    sin 0 ° = 0   .



For the resistance,    R ,    it is noticeable that when    α = 34 °   , the result is a minimum of    160.5   kNm / m   ; hence, there are larger resistances from  G , both in the steep area of the slope    (   R   90 °     = 3029   kNm / m   )    and in the horizontal area of the slope    (   R   0 °     = 187.5   kNm / m   )   . This is due to the divisor of R (cf. Equation (5)), which equally includes the sine and cosine of the slip surface inclination in the calculation of the mobilized tangential force.



The superposition of stress and resistance, calculated according to Equation (5), results in a minimum of reliability at a slip surface inclination of    α = 63 °   . After evaluating the results for discrete slip surface inclinations in relation to the porosity, opposite trends can be seen for  z . While a decrease in  z  can be observed for the lamella with a contact area inclined by 17°, the opposite is true for lamellae with strongly inclined contact areas (α = 50°, 67°, 84°). As can be seen from the example of   α  = 34 °   , the trend reversal occurs at this point on the slope.



From the analysis given as an example, it can generally be deduced with regard to slope stability that positively correlated trends arise when the upper slip circle lamellae (in the example:    α   >   34 °   ) and, thus, micro-stability are decisive for the stability statement. In contrast, negatively correlated trends exist in the case of macro-stability and are largely determined by the lower slip circle lamellae (   α   <   34 °   ). For the analysis results in Figure 3, this means micro-stability for the non-cohesive levee cross-sections (Scenarios 1 and 2-2) and macro-stability for the fully cohesive system in Scenario 3. In Scenario 2-1, there is a failure mechanism between micro- and macro-stability.



In connection with the levee height,    h D   , there are slightly negatively correlated trends for cohesionless levee cross-sections. In the case of cohesive levee cross-sections, the probability of failure decreases with a cohesionless subsoil (Scenario 2-1) and an increase in the probability of failure when the subsoil is cohesive (Scenario 3). The reason for the trend in Scenario 2-1 is the additional, stabilizing tangential force, which results from a longer sliding surface in the cohesive levee cross-section. Since the sliding surface runs within the levee cross-section due to micro-stability, the resistance in the upper slope area increases, and the probability of failure decreases. In Scenario 3, on the other hand, the effective resistance is largely determined by the strength properties of the subsoil, so that an increase in the levee and the associated increase in the driving moment override the increase in the tangential force described above.





5. Discussion


5.1. General


With this systematic analysis of a reference levee system, the variability of the failure probability (here, calculated for the landside slope failure mechanism) can be shown and quantified. For reasons of available computer capacity, the analytical method according to Krey is used in this study, although advanced calculation methods are available for assessing the slope stability [57,58,59].




5.2. Geometric Influences


This study is based on a homogeneous reference levee with a cross-sectional area of    A = 76.5     m 2   . Both larger and smaller levee cross-sections have not been considered. The authors assume that there are basically similar trends for different levee cross-sections, although these cannot necessarily be described using the functions given in Table A1. Since rule-compliant levees with a smaller cross-section also have a minimum freeboard of 0.5 m (based on German standards), this results in a relatively lower water height for these levees (   h   w , rel       = h   w     / h   d     )   . Against the background of a positive correlation between the relative level of impoundment and the probability of failure, for example, resulting from an analysis of fragility curves [60,61], it can be assumed that the probability of failure of lower, non-cohesive levees is, in principle, smaller. Conversely, a more critical situation is expected for higher, cohesionless levees. In the cohesive case, contradictory trends would be expected in accordance with the previous findings.



Due to the exclusive consideration of homogeneous levee cross-sections, which are only rarely planned and implemented in engineering practice [62,63], no influence of the cross-sectional structure on the probability of a landside slope failure can be derived from the results. However, since both the integration of drainage bodies and of seals lead to lower phreatic lines [64], a reduction in the probability of failure due to the levees’ cross-sectional structure can generally be assumed. The extent to which the phreatic line is lowered as a result of individual cross-sectional components is also largely determined in the stationary case by the saturated permeabilities in the system [65] and, therefore, goes beyond the input parameters considered here.



Furthermore, the levee cross-sections are treated as deterministic variables in the course of this analysis; that is, epistemic uncertainties of the geometry, for example resulting from the measurement or the manufacturing tolerances, are neglected here due to the expected minor changes in    A  rel    . Whether this assumption is justified may have to be examined further.




5.3. Material Influences


Due to the generally sparse availability of distribution of soil mechanical parameters [38], the stochastic information considered here is the result of a comprehensive literature search [13,31,39,40,41,42,43,44,45,46,47,48,49]. In this way, the distribution type, the expected value, and the coefficient of variation of each input variable can be defined for the purposes of this study, but the three statements cannot necessarily be traced back to one and the same source. Therefore, the results are accompanied by uncertainties regarding the common validity of the stochastic information.



As part of the material analysis, on the one hand, the expected value E, and, on the other hand, the coefficient of variation COV are varied within an examination interval. While a change in the coefficient of variation   COV   only leads to a change in the standard deviation    σ = E  · COV  , a change in  E  also causes a change in   COV   (cf. Figure 6). This procedure is intended to take into account a reduced, absolute scatter of small parameter values. However, this means that changes in the resulting variable    P f    are ultimately the result of both changes and can no longer be traced back to a single change. In the analyses, dependencies of soil mechanical parameters, e.g., between the internal friction angle and the porosity, are neglected. It can be assumed that the consideration of dependencies (e.g., via the soil density) leads to correlating trends and, therefore, a multivariate problem arises.





6. Conclusions and Outlook


This study quantifies for the first time the influence of geometric and material input parameters on the probability of a landside slope failure on homogeneous river levee cross-sections and, thus, demonstrates the variability of the limit state. The analysis shows that the landside slope, the expected value of the internal friction angle, the coefficient of variation, and the expected value of porosity have the greatest influence on    P f   .



The results thus confirm the qualitative recommendations of the recognized rules of engineering [18] that the probability of a landside slope failure can be reduced by the flat design of the inland slope. If these findings are included in the structural design of levee cross-sections, they allow the probability of failure to be controlled and can, thus, contribute to a holistic flood risk management according to Equation (1). In this way, a risk-based cross-sectional design can henceforth be achieved through the targeted change of:




	
The landward slope of the levee;



	
The expected value of the friction angle or porosity (e.g., by selecting a different material); or



	
The coefficient of variation of the friction angle (e.g., by arranging a corresponding quality-check).








In the future, the presented findings should be extended to include influences due to multi-dimensional parameter dependencies, such as between the internal friction angle, the cohesion, and the porosity. Several methods of multivariate stochastics are suitable for this purpose. In order to achieve practical applicability in the medium to long term, the analysis of structured cross-sections and other relevant failure mechanisms is recommended.
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Table A1. Evaluation of the trends of the airside slope    m l    and the expected value, as well as the coefficient of variation of the friction angle   E  ( φ )    and the expected value, as well as the coefficient of variation of porosity   E  ( n )   .
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Variable

	
Scenario

	
Model

	
Equation

	
Validity Interval

	
R2






	
    m l    

	
1

	
rational

	
    P f  =   0.2974  A  rel  2  − 0.7061  A  rel   + 0.4279    A  rel  2  − 1.833  A  rel   + 0.8794     

	
   0.8 <  A  rel   < 1.2   

	
0.9985




	
2-1

	
rational

	
    P f  =   − 1139  A  rel   + 1745    A  rel  2  + 1.863 ·   10  4   A  rel   − 1.323 ·   10  4      

	
   0.8 <  A  rel   < 1.2   

	
0.9962




	
2-2

	
rational

	
    P f  =   − 0.2286  A  rel  3  + 0.907  A  rel  2  − 1.185  A  rel   + 0.5112  A  rel      A  rel  2  − 1.792  A  rel   + 0.8205     

	
   0.8 <  A  rel   < 1.2   

	
0.9970




	
3

	
exponential

	
    P f  = 6.319 ·   10   10    e  − 35.89  A  rel     + 1.822 ·   10   − 4    e  0.7624  A  rel       

	
   0.8 <  A  rel   < 1.2   

	
0.9807




	
   E  ( φ )    

	
1

	
rational

	
    P f  =   0.09514  E  rel      ( φ )   2  − 0.1209  E  rel    ( φ )  + 0.04229    E  rel      ( φ )   3  − 2.087  E  rel      ( φ )   2  + 1.472  E  rel    ( φ )  − 0.3463     

	
   0.7 <  E  rel    ( φ )  < 1.3   

	
0.9998




	
2-1

	
rational

	
    P f  =   0.07275  E  rel      ( φ )   2  − 0.1738  E  rel    ( φ )  + 0.1895    E  rel    ( φ )  − 0.1557     

	
   0.7 <  E  rel    ( φ )  < 1.3   

	
0.9996




	
2-2

	
rational

	
    P f  =   0.153  E  rel      ( φ )   2  − 0.4036  E  rel    ( φ )  + 0.2674    E  rel      ( φ )   2  − 1.562  E  rel    ( φ )  + 0.665     

	
   0.7 <  E  rel    ( φ )  < 1.3   

	
0.9998




	
3

	
exponential

	
    P f  = 27.51  e  − 14.86  E  rel    ( φ )    + 7.548 ·   10   − 4    e  − 0.1102  E  rel    ( φ )      

	
   0.7 <  E  rel    ( φ )  < 1.3   

	
0.9852




	
   E  ( n )    

	
1

	
linear

	
    P f  = 0.5566  E  rel    ( n )  − 0.1115   

	
   0.7 <  E  rel    ( n )  < 1.3   

	
0.9855




	
2-1

	
polynomial

	
    P f  = 0.03047  E  rel      ( n )   2  − 0.06989  E  rel    ( n )  + 0.1437   

	
   0.7 <  E  rel    ( n )  < 1.3   

	
0.9804




	
2-2

	
linear

	
    P f  = 0.5678  E  rel    ( n )  − 0.3834   

	
   0.7 <  E  rel    ( n )  < 1.3   

	
0.9675




	
3

	
linear

	
    P f  = − 1.26 ·   10   − 3    E  rel    ( n )  + 2.003 ·   10   − 3     

	
   0.7 <  E  rel    ( n )  < 1.3   

	
0.9879




	
   CoV  ( φ )    

	
1

	
rational

	
    P f  =   7.434 ·   10   − 3     CoV   rel      ( φ )   3  + 0.4776   CoV   rel      ( φ )   2  − 0.4388   CoV   rel    ( φ )  + 0.3401     CoV   rel      ( φ )   2  − 0.9612   CoV   rel    ( φ )  + 0.8566     

	
   0.3 <   CoV   rel    ( φ )  < 5   

	
0.9981




	
2-1

	
rational

	
    P f  =   0.1827   CoV   rel      ( φ )   2  − 0.8458   CoV   rel    ( φ )  + 2.53     CoV   rel      ( φ )   2  − 7.259   CoV   rel    ( φ )  + 24.16     

	
   0.3 <   CoV   rel    ( φ )  < 5   

	
0.9995




	
2-2

	
rational

	
    P f  =   0.4889   CoV   rel      ( φ )   2  − 0.2789   CoV   rel    ( φ )  + 0.1017     CoV   rel      ( φ )   2  + 0.4419   CoV   rel    ( φ )  + 0.4462     

	
   0.3 <   CoV   rel    ( φ )  < 5   

	
0.9996




	
3

	
rational

	
    P f  =   0.09995   CoV   rel      ( φ )   2  − 0.2471   CoV   rel    ( φ )  + 0.1435     CoV   rel      ( φ )   2  − 7.619   CoV   rel    ( φ )  + 25.52     

	
   0.3 <   CoV   rel    ( φ )  < 5   

	
0.9992




	
   CoV  ( n )    

	
1

	
rational

	
    P f  =   0.5572   CoV   rel      ( n )   2  − 0.1406   CoV   rel    ( n )  + 1.658     CoV   rel      ( n )   2  − 0.1796   CoV   rel    ( n )  + 4     

	
   0.3 <   CoV   rel    ( n )  < 5   

	
0.9974




	
2-1

	
rational

	
    P f  =   0.1473   CoV   rel      ( n )   2  − 0.9986   CoV   rel    ( n )  + 3.094     CoV   rel      ( n )   2  − 8.887   CoV   rel    ( n )  + 29.41     

	
   0.3 <   CoV   rel    ( n )  < 5   

	
0.9996




	
2-2

	
rational

	
    P f  =   0.4022   CoV   rel      ( n )   2  − 0.1748   CoV   rel    ( n )  + 0.8819     CoV   rel      ( n )   2  − 0.6803   CoV   rel    ( n )  + 6.501     

	
   0.3 <   CoV   rel    ( n )  < 5   

	
0.9997




	
3

	
rational

	
    P f  =   5.954 ·   10   − 3     CoV   rel      ( n )   3  − 1.624 ·   10   − 3     CoV   rel      ( n )   2  − 1.655 ·   10   − 3     CoV   rel    ( n )  + 0.01233     CoV   rel      ( n )   2  − 7.861   CoV   rel    ( n )  + 20.4     

	
   0.3 <   CoV   rel    ( n )  < 5   

	
0.9995
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Figure 1. Parameterization of a homogeneous levee cross-section of sand with fines (SU and ST) on a cohesive subsoil (TL), for use in automated stability analysis following the Krey method. 
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Figure 2. Modification of (a) the waterside slope, (b) the landside slope, (c) the crest width, and (d) the levee height to determine the geometric variability. 
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Figure 3. Variability of the probability of landside slope failure (micro- and macro-stability) with respect to geometry (mW, hD, bK, mL), as well as material properties (E, COV); an abscissa value of 1.0 corresponds to the reference system, gray shaded areas go beyond the values reported in the literature. 
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Figure 4. Model presentation for analyzing the reliability of a single lamella at different positions on the slip circle. 
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Figure 5. Influence of the slip surface inclination  α  and the porosity  n  on the action  S , the resistance  R  and the reliability    z = R   − S    for a dry slope lamella with the following properties—width: 0.5 m, height: 2.0 m, friction angle: 32°, cohesion: 10 kN/m², grain density: 2650 kg/m³. 
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Figure 6. Change of normal distributions with the variability of (a) the expected value, and (b) the coefficient of variation. 
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Table 1. Distribution type (distribution), the expected value (E), and coefficient of variation (COV) of the friction angle  φ , the cohesion  c  and the porosity  n  for 13 soil types, classified according to the German regulations (DIN 18196). The data entries used in the reference levee system are highlighted in grey (literature resources: [13,31,39,40,41,42,43,44,45,46,47,48,49]).
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Soil Types

	
   Friction   Angle   φ   

	
   Cohesion   c   

	
   Porosity   n   




	
Distribution

	
E

[°]

	
COV

[−]

	
Distribution

	
E

[kN/m²]

	
COV

[−]

	
Distribution

	
E

[−]

	
COV [−]






	
GE

	
Normal

	
36.4

	
0:1

	
Lognormal

	
0

	
0.3

	
Normal

	
0.30

	
0.2




	
GW, GI

	
36.9

	
0




	
GU, GT

	
38

	
3.5




	
GU*, GT*

	
35.5

	
10




	
SE

	
35.3

	
0

	
0.40




	
SW, SI

	
35.5

	
0




	
SU, ST

	
34.5

	
3




	
SU*, ST*

	
32

	
9.3




	
UL

	
30.1

	
0.3

	
5.6

	
0.50




	
UM, UA

	
27.9

	
8.4




	
TL

	
26.9

	
15.6




	
TM

	
24.3

	
20




	
TA

	
21.6

	
23.1
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Table 2. Study intervals of the geometric variables and the associated reference cross-sectional area.






Table 2. Study intervals of the geometric variables and the associated reference cross-sectional area.





	
Nr.

	
Variable Xi

	
Unit

	
    Bounds   of   the   Interval   of    X i     

	
    Bounds   of   the   Interval   of    X  i , r e l      




	
Lower

	
Upper

	
Lower

	
Upper






	
1

	
    h D    

	
m

	
4.00

	
6.0

	
0.8

	
1.7




	
2

	
    b K    

	
m

	
0.10

	
8.0

	
0.8

	
1.2




	
3

	
    m w    

	
-

	
1.50

	
5

	
0.8

	
1.2




	
4

	
    m l    

	
-

	
1.50

	
5

	
0.8

	
1.2




	
5

	
   E  ( φ )    

	
°

	
24.2

	
44.9

	
0.7

	
1.3




	
6

	
   E  ( c )    

	
kN/m²

	
2.1

	
5.1

	
0.7

	
1.3




	
7

	
   E  ( n )    

	
-

	
0.3

	
0.5

	
0.7

	
1.3




	
8

	
   COV  ( φ )    

	
%

	
3.0

	
50.0

	
0.3

	
5.0




	
9

	
   COV  ( c )    

	
%

	
9.0

	
150.0

	
0.3

	
5.0




	
10

	
   COV  ( n )    

	
%

	
6.0

	
100.0

	
0.3

	
5.0
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Table 3. Consideration of cohesion in the individual scenarios; if “yes”,  c  is considered as a random variable, if “no”,    E ( c ) = 0    and    COV ( c ) = 0   .






Table 3. Consideration of cohesion in the individual scenarios; if “yes”,  c  is considered as a random variable, if “no”,    E ( c ) = 0    and    COV ( c ) = 0   .





	
Scenario

	
Cohesion




	
Levee

	
Subsoil






	
1

	
No

	
No




	
2-1

	
Yes

	
No




	
2-2

	
No

	
Yes




	
3

	
Yes

	
Yes
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