Evaluation of erosion of soil used in dykes and earth embankments which are subjected to flood P. Reiffsteck LCPC -French Public Works Research Laboratory, Paris, France ABSTRACT: Understanding the factors that control the transport of particles detached by water during storms and floods is essential to predict the likelihood of internal and surficial erosion of road or railway embankments. It would be extremely useful to be able at an early stage of project to foresee the sensitivity of the available soils to erosion, in order to choose another type of fill or to design appropriate erosion control measures.. The study presented here which is based on laboratory tests with a mobile water jets test apparatus, pinhole tests and hole erosion tests tries to address this need.

1.ERODIBILITY OF SOILS IN CIVIL ENGINEERING

The recent catastrophes in the French states Aude in November 1999 and Gard in September 2002 clearly highlighted the great vulnerability of railway and road embankments to undermining of foundations, and internal and surficial erosion. The surface and internal erosion do not always lead directly to failure of the structures, but may do so by reducing its overall stability under the working load and water flow. Combinations of these phenomena, if they last long enough may lead to breaching the embankment. It should be recognised that unlike modern dams, the internal structure of these road and rail embankments and some old dikes dating from the French renaissance were not designed with filters and surface erosion protection Major land developers and construction contractors worry about the susceptibility of earthworks to erosion [START_REF] Guiton | Ruissellement et risque majeur, Phénomènes, exemples et gestion spatiale des crues, Études et recherches des LPC[END_REF]. In view of this a research program has been launched by the scientific network of the French Ministry of Public Works on the vulnerability of this particular type of embankment. to internal erosion and overtopping.

The empirical relations suggested by agronomists such as the universal soil-loss equation (1), are of limited usefulness when extended to the forecast of erosion in earthworks and lands affected by construction activities, because of the difficulty of determination of the parameters (Wishmeier and Smith, 1971;[START_REF] Wishmeier | Predicting rainfall erosion losses. A guide to conservation planning[END_REF]Hénensal, 1986;Hénensal, 1987).

The Universal Soil Loss Equation (USLE) gives A the potential long-term average annual soil loss in tons per acre per year: A =R x K x LS x C x P

(1)

where R = rainfall and runoff factor by geographic location; K = soil erodibility factor; LS = slope length-gradient factor; C = crop/vegetation and management factor; P = support practice factor. To be able to use it in projects it would be necessary to carry out local experiments on trial plots, which is generally unrealistic. These parameters are likely to exhibit a very great regional variability and it seems possible that the erodibility of bare soils and embankments can be estimated starting from such characteristics as texture, presence of coarse particles or physicochemical factors, such as plasticity, clay size particle content,, exchangeable sodium percentage, etc. [START_REF] Rousseva | Effect of rain on the macroporosity at the soil surface[END_REF]Arulanandan andal., 1980, HRB, 1973). and other parameters resulting from geotechnical classification tests (Hénensal and Duchatel, 1990;Hénensal, 1993).

This paper presents, the study of a reproducible erosive test using an apparatus called " mobile water jets test apparatus ", to judge if the index obtained is representative of the erodibility of the soil considered. The results of these tests are compared to soil dispersivity tests: crumb test, double hydrometer test, pinhole test and tests made with the newly proposed hole erosion test (HET) [START_REF] Perry | Susceptibility of dispersive clay at Grenada dam, Mississippi, to piping and rainfall erosion[END_REF]ASTM, 1993a;[START_REF] Wan | Investigation of rate of erosion of soils in embankment dams[END_REF]. Tests have been carried out with soils prepared with various ground textures The analysis of these tests results is compared to those of in situ tests and field performance with the objective of making it possible to predict erosion of transport infrastructure embankments. The results can also be used to establish directives supplementing the actual design guides for road or landscape management [START_REF] Lcpc | Guide pour les Terrassements Routiers[END_REF][START_REF] Cfg | Recommandations pour l'utilisation des géosynthétiques dans la lutte contre l'érosion[END_REF].

2.TEST METHODS

Laboratory erosion tests are a convenient way to understand how various factors affect the complicated process of soil erosion. It is easy in the laboratory to collect runoff water in a measuring tank and to measure the quantity of eroded soil.. However, these tests can be criticized on several points including using a constant flow to replace the variable flow with time and potential scale effects between laboratory and field pewrformance. Because of its many advantages, we have planned a laboratory study while keeping in mind these problems.

Many apparatus able to produce an artificial erosion of a soil surface have been developed in the past decades. Soil erodability can be measured in either a flume (Arulanandan et al., 1980) or a rotating cylinder device (with drum (Arulanandan et al., 1980) or similar to a triaxial cell for example [START_REF] Sanchez | Evaluation of the erosion potential of embankment core materials using the laboratory triaxial erosion test procedure[END_REF])) or a jet erosion test [START_REF] Hanson | Soil erodibility testing[END_REF] (rainfall simulator is a particular case [START_REF] Warlouzel | Caractérisation et comportement des géo-textiles pour la lutte contre l'érosion pluviale des sols : étude des mécanismes de protection et compatibilité avec la végétation[END_REF]. [START_REF] Wan | Investigation of rate of erosion of soils in embankment dams[END_REF] have developed the hole erosion test model erosion in cracks and holes in dams.

, Tests that can be done in the field are of great interest because they allow testing of the soil in its real initial state with the ability to repeat the test on the structure close to a breach. An apparatus,allowing this was developed at LCPC by Hénensal and al., (1990).

2.1.

The mobile water jets test apparatus

The development of a specific apparatus of rotary type called " mobile water jets test apparatus " (figure 2) was the consequence of research undertaken by LCPC in the 1990's. This work was aimed partly to correlate the soil erodibility with parameters that can be measurable in laboratory such as plasticity index, methylene blue value, activity, texture and slope angle, (Hénensal and al., 1990;Hénensal, 1993). This apparatus can be implemented on site or used in laboratory (figures 1 and 2). The mobile water jets test apparatus consists of an active mechanical part, called the "eroding unit", consisting of a water tank under controlled pressure, and various additional units. The eroding unit projects water jets with 0,5 mm diameter nozzles (figure 3), perpendicularl to the soil surface or the sample surface which one wants to measure the erodibility. Six water jets of similar and well defined characteristics are used The geometry of this apparatus is quite similar to the submerged jet device developed by Hanson [START_REF] Hanson | Soil erodibility testing[END_REF]. However in the LCPC apparatus, the soil is not submerged and the arm of the eroding unit, providing a mount for the six jet nozzles, rotates during the test. Previous studies have shown that salt concentration of the eroding fluid significantly influences the erosion of some soils, particularly if they are dispersive (Arulanandan et al., 1980). As our study concerns mainly the most significant factor of soil erosion from highway construction sites by rainfall or flood distilled water has been used. The estimated erosion will represent an upper bound because as the salt concentration increases, from distilled water to rainfall water or more certainly to river water concentration, the rate of erosion decreases.

Procedure

The first stage of the test procedure is to bring the sample to a given density by static compaction. The sample in its mould is then inserted in the apparatus, which is connected with the pressurized water source. The mould is placed on one of the two slopes used for the test. The outfall ring is inserted on the mould while directing the outfall towards the downstream of the slope into the top of the measurement container (figure 2 and3). The ground is then subjected to the action of the water jets with the following test parameters: distilled water volume: 860±5 % cm 3 for the flat jet nozzle,

• pressure of the compressed air: 100±5 kPa,

•compaction of the sample: 95% density ratio, standard Proctor, at optimum moisture content

• duration of the experiment: 60 seconds. After the test, the sample shows gullies located where the water jets impact its surface (figure 4). The chamber of the mobile water jets test apparatus is then rinsed with a washing bottle above an appropriate receiver. The quantity of effluent collected is measured and passed to the drying oven to determine the mass of dry material eroded. This solid load will be used to perform qualitative evaluations of erosion. To establish correlations between the amount of soil erosion and the geotechnical properties and to make comparisons between the various soils, it is absolutely necessary to keep the preceding parameters constant.

Choice of textures

The choice of studied soil textures was carried out within the framework of the USCS/LCPC textural classification, which is the usual French classification (figure 5). This classification differentiates materials using only the particle size distribution of their components. In order to be able to differentiate them according to plasticity, it is thus necessary to use in parallel the plasticity chart (figure 7). We have some tests on natural soil coming from different sites. To achieve a parametric study, it was decided to test a mixture of textbook soils (kaolin, silt, sand), which would correspond as much as possible to a class of textural classification of figure 6 table 1). We have tried to place the points in each zone of the diagram (figures 5 and 6). We made this choice because the aim of the study is to connect under conventional test conditions in laboratory or on site, the erodibility of a soil to the classification of the GTR design guide (i.e. Guide for Road Earthworks) which is similar to the AASHTO guide and are familiar for French public works employees [START_REF] Lcpc | Guide pour les Terrassements Routiers[END_REF] 

Results

During the analysis of the tests results, the variation of volumes of eroded matter, with the particle size distribution and the clayey fraction percentage are of primary interest. The shear stress on the surface of the sample is not measurable in the tests. Figure 8 shows the dry masses of eroded material (noted E slope% ) by the mobile water jets test apparatus for two slopes: 10% and 67%, plotted against with the plasticity index. For this analysis, the Atterberg limits of the soils are normalized with the tested soil mass, they are thus multiplied by the percentage of the 0/400µm fraction, like the activity parameter proposed by [START_REF] Skempton | the colloidal activity of clays[END_REF]. One observes a rather great dispersion of the data and. it seems difficult to determine a trend to the relationship. If the results are superimposed on the plasticity chart, a trend is apparent (figure 10). We separated the results by classes from limits: 15, 50 and 150 g of solid load. [START_REF] Perry | Susceptibility of dispersive clay at Grenada dam, Mississippi, to piping and rainfall erosion[END_REF] A more accurate presentation of engineering classes in the triangular form can be made by substituting the plasticity index for percentage of clay and liquid limit for percentage of silt [START_REF] Handy | Particle size and mineralogy in soil taxonomy[END_REF]. In this diagram, the percentage of sand is ignored below 50 percent (figure 12). The results represented in this diagram show a rather coherent organization with the soil classes. The sandy soils and clayey soils which are not very plastic are the most erodible ones followed by the more plastic silts. However in order to propose the use within the GTR framework, we superimposed our results with the classification diagram for fine materials in the GTR system(LCPC & SETRA, 1992) (figure 14). It will be noted that this diagram differs also from the one used in the guide by ignoring the methylene blue value scale. This figure confirms that the erosion process is more aggressive for fine non plastic granular soils or low plasticity silts: A1 soils, B1, B2 and D1 of the Guide of Road Earthworks classification [START_REF] Lcpc | Guide pour les Terrassements Routiers[END_REF]. The erosion decreases when the proportion of clay and/or the organic content increases (soils A2, B4, B5 > A3, B3, B6, C1 > A4), when the void ratio of the soil or sodium adsorption ratio in the soil decreases or when the ionic force of eroding fluid increases. The less erodible soils are the C2, C3, D2, D3 and D4 soils.

The study of the erosion process of compacted clay soil of various textures,with the mobile water jets test apparatus gave valuable results. However to validate this type of tests, cross comparison has to be done with more familiar tests such as crumb dispersion tests (ASTM, 1993b), pinhole erosion tests (ASTM, 1993a)[RF1] for which there are many data in the literature or more quantitative tests like Hole Erosion test [START_REF] Wan | Investigation of rate of erosion of soils in embankment dams[END_REF].

The use of these techniques to assess the resistance of soil to surficial and internal erosion, makes it possible to dissociate the mechanisms due to dispersion, with the shear stress on the soil-fluid interface due to water flow.

Crumb tests

This aspect is well illustrated by the percentage of dispersivity obtained with the Double hydrometer test (ASTM, 1993c) and the settlement observed during Crumb test (ASTM, 1993b) (table 1 and figure 14). The clayey soils (3.3, 5.4, 1.3, 1.4), are strongly agglomerated and do not react during the first minute because of their high cohesion. They undergo an initial swelling before settling. Since the samples underwent compaction to 95%density rato, there remains air voids in the sample. Thus the agglomeration of the particles is such as water has initially time to penetrate in the sample before disaggregating the particles.. The largest swelling (3mm) is observed for clay (texture 3.3). However, the relation between swelling and the clay fraction is not linear. Sand (texture 5.3) subsides very quickly in the first 30 seconds. Since there is no cohesion between the sand particles, the particles disaggregate quickly in the presence of water. By contrast the clayey sand (texture 1.1), contains 25% of clay with the same percentage of sand as texture 5.3, starts to subside only at the 5th minute. It is noted in addition that sandy textures (1.1 1.3, 5.2 and 5.3) have a fast subsidence in the first 10 minutes and tend to be stabilized after this period. For these textures, all subsidence occurs in the first 40 minutes. Other textures continue to subside afterwards. Thus, the four processes of dispersion (hydration, de-aeration, swelling and disintegration) could be observed for the clayey soils. Subsidence thus seems to depend mainly on cohesion of the particles of ground. Most of cohesion being due to the presence of clay, one could say that this last one play a great role in the deceleration of the process of subsidence while presence of non-cohesive sand tend to accelerate the disintegration of the soil particles and so subsidence.

Pinhole tests

The Pinhole test apparatus used in this study is conformed to ASTM standard (1993a). The soil specimen is compacted inside a mould. A 1 mmdiameter hole is punched using a needle to initiate the piping (figure 15). The test consists of checking the colour of the water emerging from the soil specimen under the initial hydraulic head, the rate of flow and the final size of the hole. These observations provide the basis for classifying the dispersivity of the soil. If the results are superimposed on the plasticity chart, no real trend is apparent (figure 18). We separated the results by classes from limits: 15, 50 and 150 g of solid load.

Hole erosion tests

Description

The device, used in this study, consists in a modified Hole Erosion Test apparatus (Wan et Fell, 2004) (figure 19-21). The main body is composed of three cells with an internal diameter of 72 mm: a first cell filled with glass beads or gravel, a second cell in which the soil sample is compacted and a third cell including measuring devices. A Hengstler turbine flow rate sensor placed between the fluid supply tank and the apparatus measures the flow rate. During the test, we measure the pressure upstream and downstream using Honeywell miniature pressure transducers (0-100 kPa) so we can calculate the gradient. Measurement of the quantity of eroded material is done by the monitoring of turbidity using an ATI turbidimeter . Turbidity is caused by fine particles suspended in the water downstream of the eroded zone (figure 19). All the transducers are connected to a HBM spider 8 data logger. Measurements are displayed and recorded by a software developed under Labview from National Instruments.

The control of the water head is obtained by the use of an air compressor regulator connected to the fluid supply tank. 

Materials used

We use the same soils as for the mobile water jet tests (table 1). When the characteristics of each mixture are determined, the proportion of each component is[r2] calculated using a graphical method [START_REF] Reiffsteck | Influence de la répartition granulométrique sur le comportement mécanique d'un sol[END_REF].

Preparation of sample

The preparation of soil sample is divided into three steps:

-First step, the soil is placed in a drying oven during 24 hours then it is weighted in order to determine the water quantity necessary to obtain the desired water content. We gradually introduce water into the soil during mixing. Then we cure the samples for 24 hours, after having covered it with a plastic film to avoid evaporation.

-Second step, we take a mass of soil which when it has been compressed to the height of the test-cell, will give the projected dry density. The dry density required corresponds to 95% of the Proctor maximum density. The compression is realized in four layers using a hydraulic jack.

-Third step, a vertical drilling machine is used to create a hole of 4 mm[r3] of diameter along the longitudinal axis of the soil sample to simulate a concentrated leak.

Test procedure

After having connected the pipes, we open gently the water flow in order to avoid soil sample movement. At this stage, the air valves must stay open. While water goes up in the cell, we pour the water in the tank downstream in order to balance the pressure, still to avoid a displacement of the sample. When the cell is filled, we close the air valves after having checking that the are no air bubbles. We use the air pressure regulator to maintain the water head at the desired height. The test begins at the same time we start the specific software to monitor the different measuring devices. In the test, time, flow rate, upstream pressure, downstream pressure, turbidity are measured automatically every 30 seconds The tests were carried out in three hours with the initial gradient and initial flow rate chosen after few trial tests.

Test and analysis

We have already tested these 35 soils with mobile water jet and pinhole tests (see table 1) but the delay for the design and validation process of our apparatus only allow us to test 16 samples of 4 different textures up to now. We present here the results of three tests made with two different textures. Table 2 summarizes the soils used and their classification. A.

Test for texture 1.1 This texture corresponds to clayey sand. In this test, the initial gradient is equal to one, and the initial flow rate to about 700 ml/min. During the test, the diameter of the hole increases as a result the flow rate rises and the gradient decreases (figure 22 and figure 23). In the 50 initial minutes, the flow rate increases sharply, the gradient decreases dramatically, the cumulated turbidity rise considerably (until 4000 ppm) and then it grows moderately (at the end of test, the turbidity is only about 5000 ppm) (figure 24). Thus, the erosion goes up significantly in the initial time and then it improves slightly before having the tendency stabilized.

B Influence of compaction

For the sample 1.1.3 described above, the most compacted layer was placed downstream. For the sample 1.1.6, we changed the orientation so that the least compacted layer was downstream. It can be seen that for the sample 1.1.6 the flow rate increases slightly (figure 25), the gradient decreases moderately (figure 26) and the cumulated turbidity grows not much in the 50 initial minutes (only 800 ppm) (figure 9). It is noticeable that the sample is more difficult to erode because the most compacted layer, limiting the erosion, is placed in upstream position so it needs more time to increase the diameter of the hole. At the end of test the flow rate goes up not much (about only 800 mL/min), the gradient is still high (about 0,8 m/m) and the cumulated turbidity is slightly more than 3000 ppm. It is spot on that the compaction plays a very important role in the erosion of soil. It implies also that in this particular case, the apparition of erosion takes more time: almost 2 hours, than in the first test presented. The choice of the conventional test duration has to be revised. Some trial tests have been done using duration of 6 hours and gave interesting results. We decide for some texture to use this duration preferentially. Test for texture 1.3 This texture corresponds to sandy clay. Although we start the test with a high gradient (s=5) (for the sample 1.1.3 and 1.1.6 we start with s is around 1), the cumulated turbidity increases very moderately (after 50 initial minutes, the turbidity is only 360 ppm and at the end of test it is 650 ppm) (figure 11). We can observe eight times less erosion than for texture 1.1. Soil with a high fraction of clay is less eroded than a soil with a small clay fraction. Synthesis of test results All the results of performed tests underline very different magnitude of erosion rate (cumulated turbidity), the turbidity vary from hundred ppm (sample 1.3.1) to thousand ppm (sample 1.1.3 and 1.1.6).

The comparison of the erosion rate index I HET defined by [START_REF] Wan | Investigation of rate of erosion of soils in embankment dams[END_REF] made in table 3 indicates that the texture 1.1 erodes very rapidly and that the texture 1.3 erode moderately rapidly. These results are in very good accordance with the mobile water jet apparatus results (see table 1). For this test, the results are separated in three classes proposed by previous studies: solid loads higher than 150g and from 150g to 50g are respectively classified as soils with low and moderate resistance to erosion. Lower values of solid load are obtained for soil having a good resistance to erosion. The dispersivity obtained with the pinhole test show a similar trend.

The degree of compaction is a factor which influences the erosion rate. With the same sample, if we change the position of the more compacted layer at downstream to upstream, we have an erosion rate about two times lower.

The time factor is another remarkable parameter. For the sandy soil type (sample 1.1.3), major erosion occurs in the 100 initial minutes and then erosion rate is relatively low. For the clayey soil type, after 200 minutes the erosion rate is very small[r4]. It is obvious that it takes much more time to erode a clayey soil compared to a sandy soil.

Therefore the test procedure and more particularly the test duration must be adapted

The fine grain faction appears as a strong influence for soil erodibility. The performed tests tend to underline that for 30% of fine samples the erosion rate is about seven times higher than for 70% of fine although the gradient is five times less. This test program results confirm that:

-the most resistant texture is clay and the least resistant is sand (this last has a particular behaviour because it gives only isolated points on graphs) -erosion decreases with the clay fraction and increases with the percentage of granular materials, -erosion decrease with the plasticity index IP and thus the nature of the clayey fraction of the ground (figure 8).

The representation of our results in a diagram only based on particle size distribution (figure 9) or on plasticity (figure 10) does not allow classifying the soils according to their erodibility. The use of the modified ternary diagram of figure 13 seems more promising. The GTR diagram represented figure 14 has the advantage of being familiar to the practitioners but its use requires it to be supplemented the tests on materials with more varied plasticity indices.

The results of this study did not yield precise conclusions. Complementary studies will be carried out to specify the nature of the parameters of influence. In the near future, tests on a larger range of soil textures are needed to build a database.

This research focuses on the influence of the soil texture on the surface and internal erosion characteristics of soils. One of the objective of this research is to investigate the role play by soil texture during different physical processes: splash effect or shear stress with relation to physicochemical characteristics. This first set of tests doesn't take into account the clay mineralogy of the fine fraction of the soil, which has been point out to be a major factor of influence (Arulanandan et al., 1980 ;[START_REF] Sanchez | Evaluation of the erosion potential of embankment core materials using the laboratory triaxial erosion test procedure[END_REF]). This will be done in the second part of the program.

This comparative study of testing techniques will be supplemented by a multi-scale analysis including the analysis of the susceptibility of the various types of colloids composing the matrix of the ground (silt, kaolinite, illite or smectite) to be dispersed in a fluid charged with cations with various valences. 
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 1011 Figure10. Soils tested in the plasticity chart Solid loads higher than 150g (red dot) and 50g-150g (yellow triangles) are for low plasticity soils and are located in the low and moderate resistance to erosion zones proposed by previous studies (figure11)(Arlanandan et al.,1980). The origin of the scatter distribution of the 0-15g (small blue circles) is probably related to other factors influencing the rate of erosion and to the choice of the range of the erosion classes determined by Hénensal.
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 15 Figure 15. pinhole test and sample during realization of the hole. The 21 soils tested correspond to those used for mobile water jet apparatus study to allow comparison of behaviour (figure 16-18).
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 1617 Figure 16. Pure soils tested: sand, silt, kaolin.The results, using the criteria proposed in ASTM standard (method C), are separated into three classes dispersive (D), slightly dispersive (SD) and non-dispersive (ND).They are represented in the same ternary diagram of textural and plasticity classifications.
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  Figure 28. Gradient vs. time for sample 1.3.1
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 29 Figure 29. Cumulated turbidity vs. time for sample 1.3.1

  different soil textures have made it possible to evaluate the ability of our mobile jets test to discriminate the surficial erodability of soil. The comparison with the pinhole test device are satisfactory. The first results obtained with our modified hole erosion test are promising.
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Table 1 .

 1 . Properties of soils tested

	LCPC mobile
	water jet

Table 2

 2 

	Type	. Different texture tested Desired mix design (%) W l (%)	Wp (%)	I P	Wopn (%)	γ opn (t/m 3 )
		clay	silt	sand			
	1.1	25	5	70	18,1 14	4,1 11	2
	1.3	35	25	40	25,6 16,7 8,9 13,81 1,927

Table 3 .

 3 Comparison of results

	Type	Desired mix design (%)	E 10 E 67	Dispersivity I HET
		clay silt sand			
	1.1	25 5 70	58.5 141.5 D	2.48
	1.3	35 25 40	48 70	SD	3.30
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