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In the project AERES (Analysis of Existing Rockfall Embankments of Switzerland) smallscale quasi-2D-experiments had been done with embankments with stones placed parallel to the slope and stones placed horizontally. The experiments showed that rotating cylinders acting as impactors may surmount an embankment with batter 2:1, even if the freeboard is chosen to 1.5 times the block diameter. So a slope with an inclination of about 60° and equipped with rockery in general does not guarantee that a freeboard of one block diameter will be sufficient as described by the Austrian standard. During the test series also a block with an octagonal cross section had been used. This block, with no or only very low rotation, on the other hand was not able to surmount an embankment with rockery and a freeboard of about 0.8 times the block diameter. The evaluation of test data showed additional that the main part of energy dissipation occurs during the first 6 ms of the impact process. At least 75% to 85% of the block's total kinetic energy will be transformed into compression work, wave energy and heat when the block hits the embankment.

INTRODUCTION

A common measure used in Switzerland to stabilize steep slopes of rockfall protection embankments is the use of rockery. According to the interviews done with employees of canton departments as well as with design engineers the rockery used in the past at the uphill slope of an embankment was constructed with a batter between 60° to 80°. But in general only less attention had been paid on the behavior of such natural stone walls during the impact of a block. The main reasons to use rockery was to limit the area, which is necessary for embankment construction, and/or to stop rolling blocks.

To check the experimental results of [START_REF] Hofmann | Bemessungsvorschlag für Steinschlagschutzdämme[END_REF] and to study the impact process of blocks impacting rockfall protection embankments (RPE) with a rockery cover at the uphill slope, small scale quasi-2D-experiments have been executed and analyzed at the Lucerne University of Applied Sciences and Arts (HSLU) during the project AERES [START_REF] Kister | Analysis of Existing Rockfall Embankments of Switzerland (AERES)[END_REF].

The load case "impact of a block onto an embankment" may be divided into two scenarios:

 The embankment is punched-through by the block and  the embankment is surmounted by the block. The first one is a question of stability of the construction itself while the second one concerns the fitness for purpose of a RPE. The most significant results of the tests done in the project AERES concerning the fitness for purpose of a RPE are shown below.

TEST CONDITIONS

Two types of rockery with different orientation of stones at the "uphill" slope had been studied. To create a relatively "smooth" rockery surface the stones had been placed parallel to the slope (Fig. 1a). For a "rough" rockery surface the stones had been placed horizontally, which resulted in a graded slope (Fig. 1b). Additional impact tests had been done on an embankment with a bi-linear slope with rockery at the lower part and soil at the upper part (Fig. 1c). The batter of the "rockery" was chosen to be 2:1, 5:2 and 5:1 in the tests. Three types of impactors had been used: A concrete cylinder G with a ratio of rotational to translational energy > 0.3, a hollow cylinder GS with a triaxial acceleration sensor inside with a ratio of rotational to translational energy between 0.2 and 0.1 and a block OKT with an octagonal cross section with no or only very low rotation. The ratio of rotational to translational energy of block GS corresponds very well with the results of in-situ tests done with natural blocks [START_REF] Usiro | An experimental study related to rockfall movement mechanism[END_REF]. The impact translational velocity in most tests was between 6 m/s and 7 m/s. Transformed to a prototype embankment with height of approx. 7 m this will result in real world block velocities of about 18 m/s to 21 m/s [START_REF] Kister | Analysis of Existing Rockfall Embankments of Switzerland (AERES)[END_REF].

FREEBOARD

The statements of Hofmann & Mölk [START_REF] Hofmann | Bemessungsvorschlag für Steinschlagschutzdämme[END_REF] concerning the freeboard have been transferred to the Austrian technical guideline ONR 24810:2013 [2] and it is said that the freeboard for an embankment with riprap (resp. rockery) and a slope angle of 50° or more should be at least one block diameter. To determine the maximum climbing height of a block during an impact and to get information about the influence of the roughness of the rockery surface, two impact

a) b) c)
tests on embankment models with a batter 2:1, but with different "rockery roughness" had been done. For these tests the freeboard was chosen to be approximately 1.9 times the block diameter. This value is a little bit less than the value of 2 times the block diameter specified in [2] for the freeboard of pure soil embankments, but significantly larger than the minimum value specified for embankments with rockery. The impact point was at a level, where the embankment thickness is larger than three times the block diameter (Fig. 2) and therefore according to [START_REF] Kister | Development of basics for dimensioning rock fall protection embankments in experiment and theory[END_REF] there was no risk that the embankment will be punched through. For "rough" rockery surface the climbing height of block GS was 1.8 times the block diameter for the first impact and 1.55 times the block diameter for the second impact (Fig. 2). The "rough" surface of the rockery led to a larger climbing height for the block than the "smooth" surface, although the block velocities had been very similar. The first impact of the block resulted in a larger climbing height than the second impact for both surface roughness types.

The tests showed that a slope with an inclination of about 60° and equipped with rockery in general does not guarantee that a freeboard of approx. one block diameter will be sufficient as described by the Austrian standard. 

BLOCK SHAPE AND BLOCK ROTATION

During the test series the block OKT with an octagonal cross section and with no or only very low rotation was not able to surmount an embankment with rockery, if a crest to block diameter ratio of approx. 1.1 was chosen, even so the freeboard was only about 0.8 times the block diameter. Fig. 3 shows the trajectories of the concrete cylinder G with rotation and the block OKT impacting an embankment with stones placed horizontally at the "uphill" slope, batter of rockery 5:2. The difference in the impact translational velocities of both blocks was about 7%, which is within the measurement error (G: 5.9 m/s, OKT: 6.3 m/s). So block shape and block rotation play a significant role in the impact process.

ENERGY DISSIPATION

The evaluation of test data received in the project AERES showed that the main part of energy dissipation occurs during the first 6 ms of the impact process. During this period the block translational velocity is reduced to less than the half value for all three types of impactors used in the project. Differences in loss of block velocity and block energy of the three used impactors mainly occur after the large drop of velocity and energy.

CONCLUSION

The following parameters had been found, which are dominating the impact process and led the embankment be either surmounted by a block or punched-through:  The total block energy,  the ratio of rotational to translational block energy,  the impact angle, which is a function of block trajectory and slope inclination,  the shape of the block,  the embankment's thickness at the impact point. These parameters are mainly responsible for the fitness for purpose of a rockfall protection embankment. The experiments have shown that there are some interactions between these parameters, which could not be solved in detail with the existing experimental set-up. Further research has to be done to determine the freeboard in case of blocks with a natural shape and with a ratio of rotational to translational energy between the limits 0.1 and 0.2.

Fig. 1

 1 Fig. 1 Orientation of stones at the "uphill" slope: a) upright, b) horizontal, c) upright, upper slope without stones and reduced slope angle

Fig. 2 :

 2 Fig. 2: Max. climbing height CH max of impactor GS, stones placed horizontally, freeboard FB = 1.9*2r: a) first impact: CH max approx. 1.8*2r, b) second impact: CH max approx. 1.55*2r, 2r = block diameter

Fig. 3 :

 3 Fig. 3: Influence of block shape and block rotation: Trajectories of cylinder G (a) and block OKT (b), embankment with stones placed horizontally at the "uphill" slope, batter of rockery 5:2
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