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Analysis of dike breach sensitivity using a conceptual method followed by a comprehensive statistical approach to end up with failure probabilities
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Abstract: Breach formation can be initiated by various geotechnical failure mechanisms. Evaluation of these mechanisms usually requires an enormous amount of data which is currently not available in Flanders. Therefore, a conceptual method for the estimation of breach sensitivity along waterways has been developed by Flanders Hydraulics Research. The method can be executed based on a limited amount of data which is currently available and avoids the need to perform expensive and time consuming large scale field surveys. For each failure mechanism, readily available strength-parameters are weighted and the outcome is the ‘failure index’ for the considered failure mechanism. These indexes allow to estimate where breaching is likely to occur. In addition, at identified critical sectors and/or where high damage costs can be expected, a detailed statistical approach accounting for the uncertainty of estimated parameters is suggested and hence, ends up with failure probabilities at these locations.
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1. introduction

River embankments are never 100% reliable. Therefore, dike diagnosis is performed to evaluate the vulnerability of the dike and identify anomalies and possible weaknesses, finally resulting in upgrading works. A basic principle of dike diagnosis is to go from rapid diagnosis to in-depth diagnosis (Mériaux and Royet, 2007). In-depth diagnosis not only requires an enormous amount of data which is currently not available in Flanders, the process of data collection through extensive field surveys is expensive and time consuming. In order to reduce the total diagnostic work load, a conceptual method based on failure indexes was developed for rapid diagnosis starting from readily available data, eg. topographical data, (simulated) flow velocities, revetment types,… aiming for rapid identification of critical sectors without missing out possible weaknesses (Van Looveren et al., 2008). Subsequently, in-depth diagnosis through historical research, visual inspection, geotechnical and geophysical exploration,… can be restricted in space and time.

In addition, Flemish water management today no longer chooses to prevent floods at all costs, but instead seeks to limit the damage. This can be achieved by using the idea ‘risk = probability x vulnerability’. When producing flood maps, failure by overflow and wave overtopping should be accounted for, as well as breach formation. Neglecting the latter will result in an overestimation of the safety level. Therefore a risk analysis is suggested that accounts for the uncertainty regarding geotechnical failure mechanisms and associated (geotechnical) parameters and hence, ends up with failure probabilities at certain locations (Van Looveren et al., 2008). Again lacking data and time, a risk analysis is performed primarily at those locations where high failure indexes were obtained and/or where high damage costs can be expected and secondly, those areas affected by the possible breaching at other locations.

2. Failure indexes for different failure mechanisms

The methodology aims for a pragmatic approach in describing the failure behaviour of dikes. The following failure mechanisms are set to be determined for breach formation in Flanders: erosion of outer slope, sliding of outer and inner slope, piping and heave. The different failure mechanisms together with the residual strength are diagnosed in terms of failure indexes based on several easily quantifiable parameters. The overall assessment of the failure behaviour of a dike is described in terms of two figures, namely the minimum failure index associated with one of the failure mechanisms and the sum of all failure indexes. Breaching is more likely to occur where low failure indexes are obtained. For each failure mechanism the failure index is assessed considering site specific driving and resisting forces and weighting both based on carried-out orientating geotechnical calculations.
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Figure 1: Overall assessment of failure behaviour of dikes 

2.1 Erosion land-side (inner) slope due to overflow and wave overtopping

Overflow can cause breaching by retrogressive erosion of the land-side slope and finally of the crest of fill dikes. Local concentration of overtopping flows is encouraged by an irregular longitudinal crest profile and on the concave banks of bends in the river (Mériaux and Royet, 2007). Based on orientating calculations carried-out for overflow with Manning-formula and for wave overtopping with Schüttrumpf-formulas, the steepness and height of the land-side slope are considered of relative minor importance (Van Looveren et al., 2008). Therefore, the erosion resistivity will be evaluated only as a function of the average overflow or wave overtopping (l/m/s), together with revetment type and the irregularity of the crest profile. Table 1 shows the suggested failure indexes for overflow and wave overtopping. 

Table 1: Assessment of failure index for overflow and wave overtopping

	F1, erosion land-side slope
	Revetment type

	Overflow (l/m/s)
	Grass
	Geotextile
	Open concrete blocks
	Open stone asphalt

	< 1
	2
	2
	2
	2

	1 – 10
	2 (*)
	2
	2
	2

	10 – 50
	1 (*)
	2 (*)
	2
	2

	> 50
	0
	1 (*)
	1 (*)
	2


(*) Diminish by 1 if an irregular crest is suspected.
Table 2: Assessment of failure index for erosion and scouring due to wave action and high flow velocities

	F2, erosion river-side slope
	Revetment type

	Significant wave height (m)
	No covering
	Open concrete blocks
	Gabion
	Grass
	Riprap
	Concrete slab
	Penetrated riprap
	Open stone asphalt

	0.4
	1
	2
	2
	2
	2
	2
	2
	2

	0.5
	0
	1
	1 (*)
	1
	2
	2
	2
	2

	0.8
	0
	0
	1 (*)
	1
	2
	2
	2
	2

	1.0
	0
	0
	0 (*)
	1
	1 (*)
	1 (*)
	1 (*)
	2

	1.5, slope < 1:4
	0
	0
	0
	0
	0 (*)
	1 (*)
	1 (*)
	1

	1.5, slope ( 1:2
	0
	0
	0
	0
	0 (*)
	0 (*)
	1 (*)
	0 (*)

	Flow velocity (m/s)
	No covering
	Open concrete blocks
	Gabion
	Grass (**)
	Riprap
	Concrete slab
	Penetrated riprap
	Open stone asphalt

	0.5
	2
	2
	2
	2
	2
	2
	2
	2

	1
	1
	2
	2
	2
	2
	2
	2
	2

	1.5
	0
	2
	2
	2
	2
	2
	2
	2

	2
	0
	2
	2
	1
	2
	2
	2
	2

	3
	0
	2
	2
	1
	2
	2
	2
	2

	4
	0
	1
	2
	0
	1
	2
	2
	2

	5
	0
	0
	2
	0
	0
	2
	2
	2


(*) Increase by 1 if used material exceeds standard dimensions.
(**) With regards to grass covering, the maximum allowable flow velocities are function of the duration of the load. Therefore, a decrease in rating with augmenting flow velocities is suggested.
2.2 Erosion and scouring river-side (outer) slopes and banks

River-side slopes of dikes and river banks are possibly subjected to wave action and high flow velocities. As a consequence, erosion and scouring of the (revetment of the) river-side slope or bank, combined with weakening of the mechanical properties, can lead to landslides and eventually breaching. 

Van Looveren et al. (2008) suggests that with respect to their erosive action, wind and shipping waves can be considered similar. A number of orientating calculations were carried-out with design formulas for different revetment types to come up with minimal dimensions that can resist specified wave action. Maximum tolerable flow velocities are obtained from Pilarczyk (1998). Finally, it was set to evaluate erosion and scouring only as a function of flow velocity (modified based on so-called curvature coefficients to account for convex channels) or wave height, where for the latter, the steepness of the river-side slope is also taken into account. Tables 2 shows the suggested failure indexes for both phenomena. The overall failure assessment for erosion and scouring of river-side slopes and banks is the lowest of both failure indexes. 
2.3 Land-side (inner) slope failure

Instability of the land-side slope under hydraulic load can occur in the presence of the following factors (Mériaux and Royet, 2007; Van Looveren et al., 2008): poor compactness, and therefore, fill material with poor mechanical properties, presence of under-consolidated clay-rich layer at foundation level, narrow dike section with steeply inclined slopes, low land-side ground level, animal burrowing activity, permeability of the dike, lack of drainage and absence of covering material. In general, present dikes were first constructed many years ago and have been strengthened, raised and/or broaded over the years. Not only the presence of an old dike core (whether it’s made of clay or some poorly compacted river material), but also other sources of heterogeneity need to be considered (sheet piles, post-breach repair works,…).

Numerous orientating calculations were carried-out using the finite-element package PLAXIS (PLAXIS BV, Figure 2). Table 3 shows the applied mechanical properties for different fill and foundation materials. Dike width is set equal to 5 m. In the case of a sandy dike, a 0.5 m thick cover of solid low sandy loam is considered. All calculations are done for a completely drained situation. Figure 2 also shows the assumed phreatic line. Failure indexes for different homogeneous fill materials are shown in Table 4. 
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Figure 2: PLAXIS-model of a homogeneous clay dike (slope 8:4 and 8 m height) with the presence of a under-consolidated clay-rich layer at foundation level. The red line illustrates the assumed phreatic line.

Table 3: Mechanical properties for different fill and foundation materials

	
	(unsat (kN/m³)
	(sat (kN/m³)
	E  (MPa)
	c    (kPa)
	(        (°)
	NEN 6740 classification (*)

	Clay
	18
	18
	3
	5
	25
	Low Sandy clay (medium consistency)

	Loam
	18
	18
	5
	3
	27.5
	Low Sandy loam (medium consistency)

	Sand
	17
	20
	25
	0.1
	30
	Loose sand

	Cover
	20
	20
	15
	5
	30
	Low sandy loam (solid)

	Under-consolidated clay-rich layer
	16
	16
	1
	5
	17.5
	Clay (soft to medium consistency)


(*) Geotechnics - TGB 1990 - Basic requirements and loads
2.4 River-side (outer) slope failure

Rapid retreat of the water level can lead to failure of the river-side slope (Mériaux and Royet, 2007). The same material and structure properties as discussed in Section 2.3, need to be considered. More-over, Van Looveren et al., 2008 suggests to differentiate if tidal movement is present or not (Figures 3 and 4). 

Due to the resemblance (based on orientating calculations) with land-side failure, one is referred to Table 4 to obtain failure indexes for river-side slope failure for non-tidal conditions. Under tidal conditions for the different classes failure indexes are shown in Table 5. 

Table 4: Assessment of failure index for land-side slope failure

	F3, land-side slope failure
	Slope

	Height ( 3 m (*)
	16:4
	12:4
	10:4
	8:4
	6:4

	Clay
	3
	3
	3
	3
	3

	Loam
	3
	3
	3
	3
	2

	Sand
	3
	3
	2
	1
	0

	Height > 3 and ( 5 m (*)
	16:4
	12:4
	10:4
	8:4
	6:4

	Clay
	3 (**/***)
	3 (**/***)
	2 (**/***)
	1 (**/***)
	0

	Loam
	3 (**/***)
	2 (**/***)
	2 (**/***)
	1 (**/***)
	0

	Sand
	3 (**/***)
	2 (**/***)
	1 (**/***)
	0
	0

	Height > 5 and ( 7 m (*)
	16:4
	12:4
	10:4
	8:4
	6:4

	Clay
	3 (**/****)
	2 (**/****)
	1 (**/***)
	0
	0

	Loam
	3 (**/****)
	2 (**/****)
	1 (**/***)
	0
	0

	Sand
	3 (**/****)
	1 (**/***)
	0
	0
	0

	Height > 7 m (*)
	16:4
	12:4
	10:4
	8:4
	6:4

	Clay
	3 (**/****)
	1 (**/***)
	0
	0
	0

	Loam
	3 (**/****)
	1 (**/***)
	0
	0
	0

	Sand
	3 (**/****)
	1 (**/***)
	0
	0
	0



(*) Difference between crest level and land-side ground level.

(**) Diminish by 1 if aggravating factors (animal burrows, tree roots, across-dike installations, embedded buildings, 
embankment heterogeneity, poor sealing where earth fill and transverse structures meet, …) are suspected.

(***) Diminish by 1 if under-consolidated clay-rich layer at foundation is suspected. 


(****) Diminish by 2 if under-consolidated clay-rich layer at foundation is suspected. 
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Figure 3: PLAXIS-model of a homogeneous clay dike (slope 8:4 and 8 m height) for non-tidal conditions. The red line illustrates the assumed phreatic line.
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Figure 4: Under tidal conditions, different classes are distinguished in terms of geometry (crest and ground level) and assumed phreatic line for typical Flemish situations.
Table 5: Assessment of failure index for river-side slope failure under tidal conditions

	F4, river-side slope failure under tidal conditions
	Slope

	Classes (a), (b) and (c)
	16:4
	12:4
	10:4
	8:4
	6:4

	Clay
	3 (**)
	1 (*)
	0
	0
	0

	Loam
	2 (**)
	0
	0
	0
	0

	Sand
	1 (*)
	0
	0
	0
	0

	Class (d)
	16:4
	12:4
	10:4
	8:4
	6:4

	Clay
	3 (**)
	2 (**)
	1 (*)
	0
	0

	Loam
	3 (**)
	2 (**)
	0
	0
	0

	Sand
	2 (**)
	0
	0
	0
	0

	Class (e)
	16:4
	12:4
	10:4
	8:4
	6:4

	Clay
	3 (**)
	3 (**)
	2 (**)
	1 (*)
	0

	Loam
	3 (**)
	2 (**)
	1 (*)
	0
	0

	Sand
	3 (**)
	0
	0
	0
	0





(*) Diminish by 1 if under-consolidated clay-rich layer at foundation is suspected 



(**) Diminish by 2 if under-consolidated clay-rich layer at foundation is suspected 

2.5 Piping

Piping or the occurrence of sand transporting wells within a sandy layer beneath the dike, can be caused by groundwater flow beneath the dike. This failure mechanism is determined by the width of the body of the dike, the presence of (coarse) sand beneath the dike and the thickness of the covering clay layer at ground level. Based on orientating calculations carried-out with Sellmeyer formula (TAW, 1999), Van Looveren et al. (2008) concludes that the thickness of the covering clay layer at ground level and of the sandy aquifer beneath the dike do not influence the outcomes considerable. As a consequence, Bligh formula (TAW, 1999) is suggested to obtain failure indexes for piping (Table 6).
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where Ld [m] is the width at the base, and dH [m] is the hydraulic gradient and neglecting the thickness of the clay layer.

Table 6: Assessment of failure index for piping

	F5, piping
	Ld/dH

	Presence of (coarse) sand beneath the dike?
	< 4
	( 4 and < 18
	( 18

	No
	2
	2
	2

	Possible
	1
	2
	2

	Yes
	0
	1
	2


2.6 Micro(in)stability

Here, local instabilities along the river-side and land-side slopes are considered, ie. sliding and heave(uplifting) of an impermeable revetment or clayey top layer. Depending on the hydraulic head and the nature of the material, the hydraulic gradient may reach a critical level, causing internal erosion and eventually breaching due to caving-in. From TAW (1988) maximum applicable gradients for different types of facings were obtained and three failure indexes for micro(in)stability were derived (Tables 7a, 7b and 7c). The overall failure assessment for micro(in)stability is the lowest of these failure indexes.

Table 7a: Assessment of failure index for sliding of revetment

	F6, sliding of revetment
	Revetment type

	Slope
	Penetrated riprap
	Grass
	Riprap
	Open concrete blocks
	Concrete slab
	Open stone asphalt
	Gabion

	1:4
	2 (*/**)
	2 (*/**)
	2 (**)
	2 (**)
	2 (*/**)
	2 (**)
	2 (**)

	1:3
	2 (*/**)
	2 (*/**)
	2 (**)
	2 (**)
	2 (*/**)
	2 (**)
	2 (**)

	1:2
	0
	2 (*/**)
	1 (**)
	2 (**)
	2 (*/**)
	2 (**)
	2 (**)

	1:1.5
	0
	1 (*/**)
	1 (**)
	1 (**)
	1 (*/**)
	1 (**)
	2 (**)

	1:1
	0
	0
	0
	0
	1 (*/**)
	1 (**)
	2 (**)

	steeper
	0
	0
	0
	0
	0
	0
	1 (**)


(*) Diminish by 1 under tidal conditions

(**) Diminish by 1 if aggravating factors (animal burrows, tree roots, across-dike installations, embedded buildings, embankment heterogeneity, poor sealing where earth fill and transverse structures meet, …) are suspected

Table 7b: Assessment of failure index for heave (uplift) of a clayey top layer on the land-side slope

	Dike composition
	Difference in height (*)
	F6, heave land-side slope

	Loamy or clayey
	n/a
	2

	Sandy + top layer + slab revetment
	n/a
	2

	Sandy + top layer + grass covering or open concrete blocks
	< 3 m
	2

	Sandy + top layer + grass covering or open concrete blocks
	3 – 5.5 m
	1

	Sandy + top layer + grass covering or open concrete blocks
	> 5.5 m
	0


(*) The ‘difference in height’ is the difference between the high water level in the river and the land side ground water level
Table 7c: Assessment of failure index for heave of a clayey top layer on the river-side slope

	Dike composition
	Difference in height (*)
	F6, heave river-side slope

	Loamy or clayey
	n/a
	2

	Sandy + permeable revetment
	n/a
	2

	Sandy + impermeable revetment
	< 1 m
	2

	
	1 – 2 m
	1

	
	> 2 m
	0

	Sandy + top layer + slab revetment
	< 2 m
	2

	
	2 -4 m
	1

	
	> 4 m
	0

	Sandy + top layer + riprap
	< 1.5 m
	2

	
	1.5 – 3 m
	1

	
	> 3 m
	0



(*) The ‘difference in height’ is the difference between the phreatic line in the dike and the low water level in the river
2.7 Residual strength

The residual strength of a dike is assessed only when the failure index Fi equals zero. In case of general slope failure and piping, Van Looveren et al. (2008) suggests the absence of any residual strength. For the other failure mechanisms the same driving forces, but now different resisting forces (ie. crest width, core material and/or land-side slope) need to be considered and weighed in terms of yes or no. If the presence of residual strength is evaluated positively, the failure index is augmented to 0.5, ie. the considered failure mechanism is likely to occur, but some residual strength exists.

3. Failure Probability through a comprehensive statistical approach 

Dealing with uncertainties is the essence of a failure probability calculation and risk assessment. The use of fast-running failure models combined with (pseudo-)random sampling techniques (Monte Carlo, Latin Hyper Cube, …) allows to account for all relevant sources of uncertainty: intrinsic uncertainty of a stochastic variable (both load and strength), model uncertainty due to the model schematization and calibration and statistical uncertainty due to the fact that a set of measurements is always limited in time and place (Van Looveren et al., 2008).

Hydrometeorological boundary conditions (wind, discharge, water level,…) are described based on a multivariate extreme value analysis. For the strength-parameters normal and lognormal distributions are used. Mean values are based on the field-experience in Flanders. The applied standard variations are based on Dutch and German studies (Steenbergen et al., 2003; Kortenhaus et al., 2003). Next, hydrometeorological boundary samples are ‘translated’ to water levels, flow velocities and wave characteristics near and within the dike. These ‘translated’ boundary conditions together with the samples of the geotechnical parameters are then fed into different geotechnical models describing the different considered failure mechanisms. The outcome is the probability of a failure mechanism given the imposed parameter distributions primarily at locations with low failure indexes and/or where high damage costs can be expected.

4. Complementary use of both methods

The rather pragmatic conceptual method of failure indexes is based on simple parameters and gives an idea of where dike breaching is likely to occur. This information is useful for dike engineers to prioritise management and restoration works and for decision makers to have a general overview of their estate.  The statistical approach is more complex but will be the tool for decision makers to plan long term projects based on a correct cost benefit analysis (taking into account failure caused not only by overflow, but also by possible breaching). Both methods are complementary but will also feed each other with the necessary information. At present, a validation exercise is carried out by comparing the results with observations in situ at locations where high as well as low failure indexes are assessed.

5. References

Kortenhaus, A., Oumeraci, H., Weissman, R. and Richwein, W. 2003. Failure mode and fault tree analysis for sea and estuary dikes.

Mériaux, P. and Royet, P. 2007. Surveillance, maintenance, diagnosis of flood protection dikes: A practical handbook for owners and operators. Quæ editions. Cemagref. Aix-en-Provence. France.

Pilarczyk, K.W. 1998. Dikes and revetments – Design, Maintenance and Safety Assessment. A.A. Balkema, Rotterdam.
Steenbergen, H.M.G.M., Vrouwenvelder, A.C.W.M. 2003. Theoriehandleiding PC-Ring. Versie 4.0. Deel A: Mechanismebeschrijvingen. TNO-Bouw (in Dutch).

TAW. 1988. Leidraad keuzemethodiek dijk- en oeverbekledingen. The Netherlands (in Dutch).

TAW. 1999. Technisch rapport TR-15: Technisch rapport zandmeevoerende wellen. The Netherlands (in Dutch). 
Van Looveren, R., Blanckaert, J., Remeysen, K. and Peeters, P. 2008. Onderzoek naar de bresgevoeligheid van de Vlaamse winterdijken – Opstellen van een wetenschappelijk verantwoorde en praktische methode. Flanders Hydraulics Research Publications. Borgerhout. Belgium (in Dutch).

























































1
PAGE  
4

[image: image6.png]_1267210213.unknown

