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Mobilized strength of a cretaceous flysch from back-analysis of deep-seated landslides
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Abstract
The term flysch indicates distinctive rocks consisting of a rhythmic alternation of hard (e.g. limestone or sandstone) and weak (marl, mudstone, or claystone) layers. These layers have different mechanical properties, different structural fabric, and different resistance to surface weathering. Because of this complexity, and because direct testing of a representative rock volume is not practically feasible, several attempts have been made to estimate flysch strength using empirical approaches (Marinos and Hoek, 2001; Liang et al., 2007; Budetta and Nappi, 2011; Tziallas et al., 2013). Despite the considerable efforts and achievements reflected in the scientific literature, evaluating the shear strength of these extraordinarily complex geological media remains very difficult. For example, the mechanical properties of flysch can be controlled by the presence of thin, hard-to-see layers of weak clays, or by the weakening caused by tectonic events and subsequent unloading. As a matter of fact, the mechanical characterization of heterogeneous rock masses such as flysch is still an open problem.
In this work, we estimate the shear strength of a cretaceous flysch widely outcropping in the Northern Apennines of Italy (the Monghidoro Formation). The Monghidoro Formation is affected by widespread landslide phenomena, and created severe stability problems during the construction of the High Speed rail tunnel under the Apennines. The rock consists of alternating sandstones and marl layers with a sandstone/marl ratio generally larger than 1. Both the sandstone and the marlstone are well cemented with uniaxial compressive strength in the order of 50 and 10 MPa respectively. The Monghidoro Formation also contains thin layers of clay shales (2–3 cm in thickness) characterized by a close network of millimetric-anastomosing shear surfaces. 

The shear strength of this heterogeneous rock was obtained by combining detailed geomechanical surveys, carried out on several representative outcrops, and back-analysis of ten deep-seated rotational slides that occurred in the Reno and Savena basins (Emilia-Romagna region). The slides were selected following these criteria: 1) first-time failure; 2) well-defined geometry of the slip surface; 3) curve surface of rupture cutting the bedding planes. In these conditions, we can assume that the rock mass behaves as an “equivalent continuum”, therefore back-analyses will provide an estimate of the available strength at the slope scale.
The results show that the Monghidoro Formation has low effective cohesion (in the range 10-40 kPa) and relatively low effective friction angle (25°-30°). The mobilized cohesion is significantly lower than that predicted by the Marinos and Hoek (2001) method, unless we adopt a disturbance factor D=1 and a proper linearization criteria of the Hoek-Brown failure envelope. Since these factors are essentially unknown at the design stage, such empirical estimate remains highly uncertain.
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