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Measuring the erodibility of soil materials constituting earth embankments: a key input for dams and levees safety assessment

Introduction

Ensuring the safety of hydraulic embankment structures, including earth embankment dams, levees and dykes, is a major concern all over the world. Still today, about one to two large dams fail every year and hundreds, probably thousands of dykes, levees and small dams fail every year throughout the world. Embankment hydraulic structures can be subject to three potential failure modes: instability, internal erosion and external erosion. The physical parameters driving instability are the pore pressures inside the embankment and its foundation. This failure mode covers both general slope sliding and instabilities due to seismic loadings. Statistics show that 6% of the failure of large embankment dams are due to that process [START_REF] Foster | Assessing embankment dams, filters which do not satisfy design criteria[END_REF]. Internal erosion can be initiated in the embankment and/or in its foundation by four several types of processes: concentrated leak erosion, backward erosion, contact erosion and suffusion [START_REF] Fell | The state of the art of assessing the likelihood of internal erosion of embankment dams, water retaining structures and their foundations[END_REF]. Concentrated leak erosion and backward erosion can lead to one of the most sudden and dangerous failure mode: piping flow erosion. Statistics show that 46% of the failures of large embankment dams are due to that process [START_REF] Foster | Assessing embankment dams, filters which do not satisfy design criteria[END_REF]. External erosion is due to the detachment of the embankment material by the overtopping flow. Erosion of the upstream toe of dykes and levees can also lead to failures. Statistics show that 48% of the failures of large embankment dams are due to these processes of external erosion [START_REF] Foster | Assessing embankment dams, filters which do not satisfy design criteria[END_REF].

Studies of real cases of embankment dam failures and research works performed in the last two decades on hydraulic embankments erosion both show that (1) breach parameters (such as the breach peak outflow, the final breach length or the breach opening duration) can not be correctly predicted only by geometrical parameters of the embankment and the upstream reservoir and (2) that the erodibility of a soil material can not be directly correlated to usual geotechnical parameters (such as cohesion, dry density or permeability). Taken into account the behaviour of the embankment and foundation material under the flow action, that is called the material erodibility, is now considered essential for safety assessments of that type of structures.

Different experimental devices, called erodimeters, have been developed for studying sediment transport in rivers or earth embankment erosion. Their use is always based on an assumption of an erosion law, which is the relation between the rate of erosion (i.e. quantity of eroded material per time unit per surface unit) and parameters characterizing the flow and the soil material.

Two erodimeters have been selected for the assessment of the erodibility of hydraulic embankment structures. This selection was based on the physical processes these tests are representing and also on their practical characteristics. These two erodimeters are the Jet Erosion Test (JET) and the Hole Erosion Test (HET). After presenting the physical principles of these two tests and the modelling upon which they are based, their engineering application is illustrated as well as the research needs that remain.

1) Needs of embankment hydraulic structures safety assessment studies

The safety of embankment hydraulic structures (earth embankment dams, dykes, levees) needs to be periodically assessed in order to provide to the owner the knowledge necessary to adapt its plans of maintenance and eventually decide to rehabilitate the structure and/or reinforce the monitoring. The primary objective of the safety assessment studies is to evaluate the level of risk of failure of the embankment by each of the three potential failure modes: instability, internal erosion and external erosion. In some cases, this safety assessment can be completed by a preliminary design of a rehabilitation and/or a monitoring reinforcement if needed.

Analysis of the risk of failure by instability

The analysis of the risk of failure by instability requires to define four models of the embankment and its foundation: a geometrical model, that defines the geometry of the embankment generally by 2D vertical cross sections, based on topographic measurements. The main objective of this model is to point out the anomalies in the geometry, i.e. the differences between the design geometry and the actual one that can have an impact on the safety.

A geological and hydrogeological model, that defines the nature and geometry of the layers constituting the foundation and the position and fluctuations of the ground water table.

A geotechnical model, that defines the geotechnical parameters that characterize the soil material constituting the embankment and its foundation.

A hydraulic model, that defines the hydraulic characteristics of the soil constituting the embankment and its foundation as well as the hydraulic boundary conditions.

Input data of these analysis are provided from topographic, geophysical and geotechnical surveys. Geotechnical engineers have a long experience of that kind of analysis, for both static and dynamic instabilities. For a large majority of case studies, the conventional tools used for in situ surveys, laboratory tests and numerical modelling are satisfactory.

However, similar conventional tools are not available to perform assessment of failure embankment hydraulic structures by internal or external erosion, that represent 94% of failures of large embankment dams and also the primary risk of failure of small structures.

Analysis of the risk of failure by overtopping erosion

External erosion by overtopping has been studied both in Europe and in the US during the past fifteen years ([3], [START_REF]IMPACT (Investigation of Extreme Flood Process and Uncertainty)[END_REF], [START_REF]FloodSite (Integrated Flood Risk Analysis and Management Methodologies[END_REF], [START_REF] Hanson | Physical Modelling of Overtopping Erosion and Breach Formation of Cohesive Embankments[END_REF]). These research efforts have been focused on both numerical modelling and large field or laboratory tests of overtopping erosion and breach development.

From the laboratory and field tests performed at the USDA-ARS Hydraulic Laboratory in Stillwater, Oklahoma, USA [START_REF] Hanson | Physical Modelling of Overtopping Erosion and Breach Formation of Cohesive Embankments[END_REF] and in Norway [START_REF] Lovoll | Breach formation in rockfill dams. Results from Norwegian field tests[END_REF], engineers gained a better comprehension of the physical processes that drive the overtopping erosion process. Studies performed at the USDA-ARS Hydraulic Laboratory were focused on cohesive embankments. They describe the overtopping erosion into four phases, starting by the erosion of the downstream face of the embankment and ending by the breach widening. They have underlined the headcut migration phenomenon and the attack of the embankment soil by plunging jets. They have shown that the soil erodibility is the key soil parameter that drives the erosion dynamics. From the study of this physics, the USDA-ARS Hydraulic Laboratory has developed an experimental device, the Jet Erosion Test (JET) [START_REF] Hanson | Procedure to estimate soil erodibility for water management purposes[END_REF], in addition with a numerical modelling of this process, in order to quantify the erodibility of a given soil and predict its erosion when submitted to an overtopping flow.

The Norwegian tests explored different types of materials and zoning: homogeneous clay, homogeneous gravels and zoned embankment with a moraine core and rock fills upstream and downstream. The general physics shown by these tests is in agreement with the one shown by the USDA-ARS tests despite the grain size distribution of the soil materials tested was broader. Results of these tests have been used for numerical model testing by the European IMPACT project [START_REF]IMPACT (Investigation of Extreme Flood Process and Uncertainty)[END_REF] and by the ongoing CEATI-DSIG "Erosion of Embankment Dams" project [START_REF] Wahl | Development of next-generation embankment dam breach models[END_REF].

This CEATI-DSIG project aims to develop next-generation numerical models of embankment dam failure by overtopping taking into account these recent contributions in the physics comprehension.

Before next-generation numerical models are available to the engineers, one must recognize that still today no industrial numerical model able to represent correctly the physical processes of overtopping erosion and providing predictive capabilities is available for engineering studies. However, as it has been shown that soil erodibility plays a key role in the overtopping erosion process ( [START_REF] Hanson | Physical Modelling of Overtopping Erosion and Breach Formation of Cohesive Embankments[END_REF], [START_REF]IMPACT (Investigation of Extreme Flood Process and Uncertainty)[END_REF], [START_REF] Wahl | Development of next-generation embankment dam breach models[END_REF]) and an experimental device designed to measure and quantify this erodibility already exists, the analysis of the risk of failure by overtopping can be significantly improved till now by estimating this parameter with the JET.

Analysis of the risk of failure by internal erosion

Internal erosion can be initiated by four different physical processes [START_REF] Fell | The state of the art of assessing the likelihood of internal erosion of embankment dams, water retaining structures and their foundations[END_REF]: Concentrated leak erosion; backward erosion; suffusion; contact erosion. Safety assessment studies must analyse the risk of initiation of each of these four processes.

Concentrated leak erosion may occur in a crack in an embankment or its foundation or it may occur in a continuous permeable zone containing coarse and/or poorly compacted materials which form an interconnecting void system. The concentration of flow causes erosion of the walls of the crack or interconnected voids.

Backward erosion involves the detachment of soil particles when the seepage exits to a free unfiltered surface. The detached particles are carried away by the seepage flow and the process gradually works its way towards the upstream side of the embankment or its foundation until a continuous pipe is formed.

Suffusion involves selective erosion of fine particles from the matrix of coarser particles (coarse particles are not floating in the fine particles). The fine particles are removed through the voids between the larger particles by seepage flow, leaving behind an intact skeleton formed by the coarser particles.

Contact erosion involves selective erosion of fine particles from the contact with a coarser layer for instance along the contact between silt and gravel sized particles.

These four processes of initiation of internal erosion lead to radically different time scales of the erosion process. Concentrated leak and backward erosion, when they are not stopped by proper filtration, can result in the formation of a tunnel called a "pipe" between the upstream and the downstream faces of the embankment or its foundation. The time scale of that erosion process is typically several hours. Very different is the time scale of suffusion and contact erosion which can be tens of years. It is not known if slow erosion processes, like suffusion or contact erosion can suddenly evolve to a quick erosion process, like concentrated leak erosion or backward erosion.

Taking into account the time scales of these processes, it is crucial to devote significant efforts to the analysis of the risk of failure by piping flow erosion which is the most dangerous type of internal erosion process.

Research efforts led during the ten past years mainly in Australia and France on the piping flow erosion are now able to provide to the engineers a methodological framework including both experimental and numerical tools, that can predict the kinetics of the erosion process for a given embankment hydraulic structure and given hydraulic boundary conditions ( [START_REF] Wan | Investigation on internal erosion and piping of soils in embankment by Slot Erosion Test and the Hole Erosion Test[END_REF], [START_REF] Bonelli | On modelling of piping erosion[END_REF]). The experimental device designed to characterize the soil erodibility when it is submitted to a piping flow erosion is the Hole Erosion Test (HET). Cemagref at Aix-en-Provence, France, has developed jointly one of these experimental devices and a mechanically justified numerical model of the test. These experimental and numerical tools provide essential input information for the analysis of the risk of failure by piping flow erosion.

2

) The Jet Erosion Test

The JET is an erodimeter developed by the USDA-ARS Hydraulic Laboratory, Stillwater, Oklahoma, USA. This test is normalized by the ASTM norm D5852 (2003). It consists in measuring in time the scouring of a soil under a vertical submerged impinging jet. It can be performed both in the field or in laboratory. The apparatus is principally constituted of an adjustable head tank, a jet tube, nozzle, point gage and a jet submergence tank (see Fig. 1). 
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3) The Hole Erosion Test

The HET developed by Cemagref has been designed to test both disturbed or intact soil samples taken in situ from the embankment (see Fig. 3). The test procedure has been carefully defined in order to ensure reproducible tests and to avoid any dependence on the operator. Intrumentation includes pressure probes, a flowmeter and a turbidimeter. The acquisition time step is one second. One test last about three to six hours without taking into account the time for preparing the sample. Sample preparation also follows a precise procedure.

Fig. 3. The Hole Erosion Test device developed by CEMAGREF

The principle of the test is simple: a 3 mm radius pipe is initially sunk into the soil sample, then a flow of water circulates through the conduit in a controlled way in order to start the erosion process. A sample of kaolinite before and after the test is shown on the The numerical modelling of the HET developed by Cemagref has been validated upon extensive data of HET results performed in different laboratories [START_REF] Bonelli | The scaling law in the hole erosion test with a constant pressure drop[END_REF].

Based on that modelling, Cemagref developed simplified relations that predict failure time and peak outflow in case of an hydraulic embankment failure by piping flow erosion [START_REF] Bonelli | Evaluer le temps de rupture d'une digue en remblai érodée par conduit traversant[END_REF] 4) Interpretation of erodibility tests results in hydraulic embankment structures safety assessment studies

Detecting the presence of eventual highly erodible areas inside an embankment or its foundation is an essential objective of the safety assessment studies. Such erodible areas can be underlined by several indices provided by the review of historical data, visual inspections, geophysical and geotechnical surveys. Erosion parameters, K D , K er and τ c provide a key complementary information to assess the level of erodibility of the suspected weak areas.

Using their extensive data of HET results, Wan and Fell, from the University of New South Wales, Australia, defined a soil classification according to their erodibility [START_REF] Wan | Investigation of rate of erosion of soils in embankment dams[END_REF]. The erosion celerity is classified from extremely slow to extremely rapid depending on the erosion rate index, I e (see Fig. 5):

I e = -log 10 K er

Where K er (in s . m -1 ) is the erodibility coefficient of the excess stress equation used by the model of interpretation of the HET.

A similar approach has been conducted with data of JET results by G.J. Hanson of the USDA-ARS Hydraulic Laboratory. In this study, the erosion resistance of the soil is classified from very resistant to very erodible depending on both the erodibility coefficient K D and the critical shear stress τ c [START_REF]Erodibility of cohesive streambeds in the loess area of the Midwestern USA[END_REF]. One should notice that this study focused on streambed soils in a loess area. The erodibility of that kind of soils could differ from that of hydraulic embankment structures and this classification could consequently evolve when a similar approach will be applied to embankment structures. The Hanson classification is shown in the Fig. 6.

The evaluation of the erosion parameters with the JET and/or the HET in the frame of hydraulic embankment safety assessment studies provide direct for use information on the level of erodibility of the embankment material that can lead to the following assessments:

-the level of erodibility of the assessed embankment structure compared to other structures;

-is there a risk that the hydraulic loads lead to overtopping or internal flows with shear stresses larger than the critical shear stress of the embankment material? -Are there areas in the embankment where the level of erodibility is significantly higher than in the other parts of the structure? 

5) Conclusion: recommendations and research needs

As external and internal erosion are the main potential risks of failure of the earthen embankment hydraulic structures, it is essential to characterize the embankment soil erodibility in the frame of safety assessement studies. During the last decade, several erodimeter devices have been developed together with their model of interpretation. The JET and the HET have been used extensively and provide quantified erosion parameters. Both are relatively simple tests and the experimental devices are robust. The erosion parameters determined by these tests allow the engineer to identify weak zones of high erodibility into an embankment, estimate the risk of initiation of erosion for given hydraulic load condition (load condition leading to a given shear stress applied by the flow on the soil) and locate the level of erodibility of the embankment versus other embankment hydraulic structures.

However some unknowns remain inducing research needs. Research work comparing HET et JET results on the same soils prepared in the same conditions shows differences in the erosion parameters that are not presently well understood [START_REF] Regazzoni | Soils erodibility: a comparison between the Jet Erosion Test and the Hole Erosion Test[END_REF]. These differences could be explained by the different type of effort applied by the flow on the soil in these two tests. The main research need to fill this gap is to develop a unified mechanically justified model of interpretation for these two tests. Another research need is to extend the characterization of soil Despite these gaps to be filled and research needs, JET and HET are presently ready to provide to the community of embankment hydraulic structure owners and engineers essential and valuable information to assess the risk of failure by external or internal erosion. It is recommended to use systematically these tests as soon as the risk of failure of an embankment dam, a dyke or a levee has to be assessed.
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 12 Fig. 1. Jet Erosion Test performed in situ (picture from USDA-ARS)Measurements of the scour versus time are made by the operator by mean of the point gage which is in the axis of the impinging jet. The model of interpretation of the JET developed by the USDA-ARS Hydraulic Laboratory assumes that the erosion occurring during the test is principally due to the shear stress applied to the soil near the jet axis (see. Fig.2). This model is based on the theory of an immerged jet impinging a plane surface.
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  , rate of the eroded volume of soil in m.s -1 ) is linked to the shear stress (τ) by the excess stress equation: is the critical stress; D K is the erodibility coefficient. The model of interpretation of the JET developed by the USDA-ARS Hydraulic Laboratory provides the erodibility parameters D K and c τ .
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 44 Fig. 4. Hole Erosion Test on a kaolinite sample. (a) Sample before test (b) Sample after test (c) longitudinal cut of the sample after test
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 96 Fig. 9. Wan and Fell classification of soil erodibility

  soils, including alluvial soils with broad grain size distributions. Both JET and HET tests are presently limited to 3 mm maximum grain sizes.