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This article investigates the impact response of a recently developed type of rockfall protection structure, with reduced footprint and consisting of interconnected concrete blocks. This investigation is based on small-scale experiments and numerical simulations. The experiments concerned structures with different designs and exposed to impact under various conditions. Mechanisms associated with the structure response are addressed in terms of displacement and energy dissipation. General trends are derived in order to propose an optimized design.

INTRODUCTION

Passive protection structures forming a nearly vertical obstacle to the propagation of rockfall, such as embankments or flexible barriers, generally confront designers with footprint constraints associated with the space required for the structure itself augmented by the space required for its normal operation. This footprint constraint is particularly strong when dealing with transportation corridors at the toe of steep slopes or in narrow valleys [START_REF] Lambert | An experimental investigation of the response of slender protective structures to rockfall impacts[END_REF]. This study deals with a specific type of rockfall protection structure with reduced footprint and consisting in interconnected concrete blocks forming a wall, typically 1-m in thickness (see Fig. 1, left). In order to develop this technological solution, improve this structure type and propose design recommendations, a study involving small-scale experiments, real-scale experiments and numerical modelling has been initiated. This article focuses on the small-scale experiments conducted in the lab with the aim of investigating the influence of the design configurations, on the main mechanisms governing the structure response. 

EXPERIMENTS

The experiments were conducted in the lab on a structure at a 1/4 scale. The structure design is slightly simplified compared to the real-scale one but considers its main features. The wall consisted of 4 horizontal rows of 9 or 10 concrete blocks, each being 33kg in mass, 0.38m in length and 0.20m in width and height (Fig. 2). Iron rods and plates interconnected contiguous blocks in the vertical and horizontal directions respectively, in a similar manner as in the realscale structure. As shown in Fig. 2 (left) the mechanical assembly accounts for a certain slack, resulting from the space between adjoining concrete blocks, as well as the space around the rods and the space between the plates and the rods.

The experiments consisted in impacts in the middle of the wall and at the various heights from the soil, by a 35-kg in mass projectile with a spherical head and travelling horizontally at a velocity up to 7.7 m/s at impact (max. kinetic energy of 1030 J). High-speed cameras allowed tracking the displacement with time of different points of the structure. The final geometry of the structure was determined thanks to photogrammetry.

The first configuration tested concerned a simple wall. The three following configurations also included two partition walls, placed perpendicular to the wall on the side opposite to the impact. These configurations differed one from each other by the distance between the partition walls (1 and 1.6 m) and the size of the partition wall (either made of 1.5 and 3 concrete blocks). 

NUMERICAL MODEL

A 3d numerical model of the small-scale structure has been developed with FLAC3D [START_REF]FLAC3D -Fast Lagrangian Analysis of Continua in 3-Dimensions, Ver. 6.0 User's Manual. Itasca[END_REF] in the aim of providing a better understanding of the physical phenomena involved, in particular by addressing the energy dissipation issue [START_REF] Furet | Simulation of impacts on a rockfall protection wall made of interconnected concrete blocks[END_REF] (see Fig. 1, right). The objective with this model is to reproduce the global structure behavior in terms of displacement. Consequently, the constitutive model for the concrete blocks was kept simple. For instance, the model accounted for energy dissipation by plastic strain but not for blocks breakage. No additional numerical damping was considered in the simulations.

Data from the literature were complemented with results from specific static tests to calibrate the various parameters related to the concrete blocks, steel rods and plates, as well as those related to the soil/block and block/block interfaces. Specific experiments also included impact tests on single blocks. The model was then validated against the results from the impact experiments, to compute the contribution of the different energy dissipative mechanisms occurring during impact.

RESULTS

Impacts on the walls led to a localized deformation of the wall, exhibiting a post-impact V shape. As illustrated in Fig. 4 (a), this deformation was associated with a significant increase in spacing between blocks on the structure back face as well as with the rupture of concrete blocks in the impact direction, in a very few cases. In these later cases, the impact resulted in the ejection of some small pieces of concrete. This phenomenon can be avoided by adding fibers in the concrete, as done for the real-scale structures. It is worth highlighting that none of the experimental conditions led to the structure fall over. The length of the wall displaced during the impact (length of the V shape) appeared variable depending on the impact conditions and structure configuration.

The films revealed that during the impact, the wall deformation in the impact axis could be described according to three main mechanisms: (i) wall sliding at its base, (ii) translation along the horizontal axis and in the impact direction of the block with respect to the underlying ones, and (iii) tilting of the wall. This latter mechanism is reversible, contrary to the other ones. It is associated to a temporary lift up of the structure on the impact side. The amplitude of each of these mechanisms was found to be strongly variable depending on the impact conditions (kinetic energy and impact height) as well as on the structure configuration. As expected, both the sliding and the deformation along the vertical axis increase with the impact energy (Tab. 1). Also, the deformation along the vertical axis significantly increases when the impact height increases. As for the wall configuration, the experiments revealed that partition walls tended to limit the basal sliding but to favor tilting.

The numerical model revealed efficient in mimicking the structure deformation. Combined with experimental data, it allowed computing the energy dissipated by friction at the base and plastic strain induced in the impacted block. These two mechanisms were found to be responsible for the dissipation of at least 40% of the impact energy, depending on the impact conditions and structure configuration. Nevertheless, due to experimental bias and modeling simplification it was not possible to compute precisely all the dissipative mechanisms. 

CONCLUSION

In order to investigate the impact response of walls consisting of interconnected concrete blocks, small-scale experiments were conducted varying the wall designs and impact conditions. In parallel, a numerical model of the wall was developed. The experiments allowed drawing some conclusions regarding the prevailing deformation mechanisms. The beneficial effect of partition walls on the structure response has been evidenced. In parallel, the proposed modeling approach revealed appropriate for modeling the impact response of these articulated and complex structures. In the end, the experiments suggests some general directions for improving the design of these rockfall protection walls. Nevertheless, extrapolation of these results to real-scale structures is not possible due to similitude issues. For this reason, reals-scale experiments and numerical simulations will be conducted in view of deriving design guidelines.

Fig. 1

 1 Fig. 1 The Bloc Armé® structure consists of a wall made of concrete blocks, interconnected via vertical bars and horizontal plates: design drawing (left) and numerical model (right).

Fig. 2

 2 Fig. 2 Building of the wall, showing the blocks, rods and plates (left). Simple wall about to be impacted (right).

Fig. 3

 3 Fig. 3 Example of a wall equipped with large partition walls spaced 1.6 m: views from the side (left) and from the top (right). Dimensions in cm.

Fig. 4

 4 Fig. 4 Wall after impact: experiments (a) and modelling (b). Simple wall case.
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