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ABSTRACT  13 

The mechanisms controlling the onset of minor slope instability at the edges of rocky plateaux exhibiting lateral 14 
spreading phenomena are yet to be fully understood. Hypotheses have recently been introduced to explain the 15 
influence of groundwater within these plateaux on geomorphological processes leading to slope instability. We 16 
present a back analysis of a recent landslide which occurred on 27th February 2014 in the town of San Leo, 17 
Italy. The role of the softening of basal clay shales and erosion due to seepage is investigated using finite 18 
element geomechanical models. Both processes were observed in the field and are related to groundwater 19 
discharging along the contact between the rocky slab and the clay-rich substratum. Fracture propagation paths 20 
involving pre-existing discontinuities and intact rock bridges failure were simulated using a simplified Discrete 21 
Fracture Network (DFN) model coupled with a Voronoi polygonal mesh approach. Model results allow the 22 
failure to be classified as a secondary toppling phenomenon. Moreover, a critical amount of undermining was 23 
indicated by the models agreeing with field observations made prior to the failure. Based on the modelling 24 
results, an interpretation of the overall mechanism inducing failures at the edges of fractured rock slabs is given. 25 
In particular, the inter-relationships between groundwater flow and geomorphic processes acting within the 26 
rock masses are presented.  27 
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Introduction  30 

Deep-seated gravitational slope deformations (DGSDs) may involve large parts of a rock slope and are often 31 
classified as sackungen and lateral spreads, depending on the observed slope deformation mechanisms (Dramis, 32 
1985; Soldati, 2013). In both cases, the overall movements are generally slow and the principal hazards 33 
encountered are often due to secondary instability phenomena developing within the DSGSD slope (Agliardi et 34 
al., 2001; Bonnard et al., 2004). Where lateral rock spreading phenomena involve brittle rock units overlying a 35 
more ductile substratum, associated secondary instabilities such as rockfall, toppling and rock slides may occur. 36 
These instabilities generally affect the edges of the plateau, while earth slides and earth flows can impact the 37 
underlying terrains (Pasuto and Soldati, 2013). Such a variety of mechanisms, specifically related to the long-38 
term evolution of DGSD, can lead to a high level of risk for elements located both at the top and at the base of 39 
the rock slabs. Several examples have been described in Europe and particularly in the northern Apennines area 40 
of Italy, where historical villages were often built on the top of plateaux. Both tourist and historical sites suffer 41 
from similar phenomena in the Maltese archipelago (Gigli et al., 2012; Mantovani et al., 2013). The differential 42 
movement of the travertine blocks on which it was built is suggested to be the main cause of processes 43 
endangering the Spis castle in Slovakia (Benko, 1997; Vlcko, 2004). Slope instability phenomena endangering 44 
the towns of Orvieto, Civita di Bagnoregio and Pitigliano (Central Italy) have been recognized and investigated 45 



(Cencetti et al., 2005; Delmonaco et al., 2009; Fanti et al., 2012). The marked contrast between the mechanical 46 
properties of the overlying and underlying geological units was indicated as one of the main causes for lateral 47 
spread. This has been confirmed by Casagli (1994) and D’Ambra et al. (2004) using 2D continuum numerical 48 
models that investigated the resulting stress distributions within the slabs. Other influencing factors have been 49 
recognised, including for example stress relief in the stiffer overlying units due to the erosion of the underlying 50 
softer units (Bozzano et al., 2008) and overburden load due to the rock slabs causing deformation of the 51 
underlying weaker terrains (Pasuto and Soldati, 2013).  52 
On the 27th of February 2014 a large landslide endangered the historical centre of San Leo, a medieval town 53 
built on the top of a calcarenitic slab (Fig. 1). A volume of about 330,000 m3 of rock detached from the north-54 
eastern side of the plateau, resulting in the evacuation of several private houses, a primary school and a police 55 
station (Borgatti et al., 2015). Before the failure, severe undermining of the rock slab was noticed in the area of 56 
the failure, as a result of the progressive removal of the clay shale units. As this erosional process was thought to 57 
be associated with surface runoff and shallow landslides occurring in the surrounding small-scale catchments, 58 
countermeasures such as earthen dams and retaining walls founded on piles were designed to avoid further slope 59 
instabilities. Recently, Spreafico et al. (2015a, b) described the aquifer-characteristics of the calcarenitic plateau. 60 
The complex network of fractures and joints generates a relatively high secondary permeability with respect to 61 
the clay shale substratum; several perennial springs, fed by the groundwater within the slab, are observed at the 62 
base of the cliffs. The erosion from emerging spring water is referred to as seepage erosion and/or groundwater 63 
sapping (Dunne, 1980). In bedrock headwalls, with a contrasting bi-modal stratigraphy, seepage weathering 64 
precedes erosion at the seepage face and, if favourable joint intersections are present, caves can develop (Lamb 65 
et al., 2006). This leads to the progressive undermining, collapse and retreat of the headwall, creating 66 
amphitheatre-headed valleys (Nash, 1996). Rock mass failures in the cliffs can thus also be related to the 67 
weathering and erosion occurring at the contact between the rocky slab and the basal clay-rich units (Spreafico et 68 
al., 2015a). During the investigations undertaken after the occurrence of a similar landslide, affecting the 69 
northern cliff of San Leo in 2006, a 3 m thick softened layer was recognised (Gibertoni, 2007). This has been 70 
confirmed by more recent surveys carried out in the proximity of the 2014 landslide, indicating a softened layer 71 
of approximately 6 m thickness (Lucente, personal communication). In a similar geological context, Picarelli et 72 
al. (2006) and Di Maio et al. (2013) highlighted the presence of softened layers outcropping in the southern 73 
Apennines of Italy: these layers are characterized by high plasticity clay shales, with thickness reaching 10 m. 74 
The softening of the clay-rich layer and/or the undermining of the slab at San Leo could have caused the onset of 75 
toppling phenomena, as previously described within the literature in similar environments. Goodman and Bray 76 
(1976) describe in detail different types of toppling phenomena. Among these, secondary toppling failures are 77 
characterized as failures triggered by undercutting due, for example, to the weathering or the removal of the 78 
underlying materials. Evans (1981) focused his work on secondary toppling slope processes investigating 79 
possible failure mechanisms and describing the weathering pattern in claystones underlying sandstone cliffs. 80 
Since both erosion and softening have been detected at San Leo, the recent slope detachment failure is suggested 81 
to be due to this form of secondary toppling phenomena. Tommasi (1996) investigated the methods that have 82 
been used to study similar slope stability mechanisms and suggested that toppling caused by the weathering of 83 
the underlying materials can be correctly interpreted only with the aid of numerical methods (Finite Elements, 84 
Finite Difference and Distinct Element Methods). Spreafico et al. (2015c) conducted a back analysis of the San 85 
Leo 2014 landslide using the Distinct Element Method (DEM) code 3DEC (ItascaTM, 2014a). Their results 86 
highlighted the importance of slope undermining as a predisposing and/or triggering factor, although the failure 87 
surface was not fully reproduced with the DEM code.  88 
We present in this manuscript a back analysis of the San Leo 2014 landslide with the objectives of better 89 
understanding the secondary instability phenomena developing at the edges of the plateau and recognition of the 90 
mechanisms acting on the slope in the medium- to long-term (i.e., decades to centuries). The Finite Element 91 
Method (FEM) code Phase2 (now called RS2, Rocscience Inc., 2014a) was used to simulate the event. This 92 
FEM code has been widely used to simulate similar slope failures. Styles et al. (2011) used Phase2 to back 93 
analyse the Joss Bay Chalk cliff failure where the progressive development of a wave-cut notch at the base of a 94 
coastal cliff was modelled using simulated model excavation stages. Sturzenegger and Stead (2012) used Phase2 95 
to model the Palliser Rockslide, Canada, as a stepped failure surface, while Kasmer et al. (2013) assessed the 96 
stability of natural slopes prone to toe erosion in Cappadocia (Turkey). 97 



Based on field evidence, two main simulations of the San Leo slope were conducted, in order to consider two 98 
possible processes leading to failure: (1) the softening of a relatively thin clay shale layer (5 m thick) and (2) the 99 
undermining of the rocky slab. To investigate the critical conditions leading to the 2014 San Leo slope failure, 100 
different softening/undermining rates were simulated by (1) considering progressively lowered values of the 101 
mechanical properties or (2) assuming different extent in term of length of the undermined area. In both the 102 
procedures (1 and 2) the role of a main iron-stained pre-existing discontinuity, observed in the cliff after the 103 
failure, was investigated. 104 
Simulation method (2) was chosen to investigate the influence of groundwater within the rock slab on slope 105 
instability. In particular, the role of the assumed groundwater level and the effect of the water pressure acting on 106 
the main discontinuity were taken into account. Simulation method (2) was finally used to demonstrate the 107 
potential use of a polygonal Voronoi tessellation approach to simulate fracture of discontinuous rock masses 108 
using the continuum code, Phase2.  109 
Using the Voronoi approach we show the combined importance of intact rock bridge failure and fracture 110 
networks on the failure mechanism within the rock slab. The application of the Voronoi approach in rock 111 
engineering using Distinct Element Method codes has been recently described by several authors. Gao and Stead 112 
(2014) applied this approach to brittle fracture modelling at laboratory and field scale; Havaej et al. (2014) 113 
successfully simulated biplanar failure mechanisms in footwall slopes, while Vivas Becerra (2014) carried out a 114 
fully coupled hydro-mechanical analysis on open pit rock slopes using the Voronoi method implemented in the 115 
2D UDEC code (ItascaTM, 2014b). The DEM Voronoi procedure for intact rock fracture simulation provides 116 
further insights into the failure propagation within a rock mass. In our work we show clearly that the Voronoi 117 
approach can also be used within continuum codes such as Phase2 to simulate intact rock failure within rock 118 
slopes.  119 
Detailed slope investigations are still lacking in the field of lateral spreads and related landslides (Pasuto and 120 
Soldati 2013) and more research is required on the stability of slopes in weak rock masses (Picarelli, 2015; 121 
Stead, 2016). In this context, our work attempts to unravel the mechanisms driving the development of 122 
secondary toppling phenomena at the edges of rocky plateaux. We use numerical modelling to explore and 123 
reproduce particular geomorphological processes acting on the slope, which are then related to the behaviour of 124 
aquifers within the rocky slabs. 125 

Case study: the San Leo lateral spread 126 

Several Epiligurian slabs stand out on the gentle clayey slopes of the Marecchia valley. Historical towns were 127 
built on the top of almost all of them, mostly due to their favourable strategic positions. Among them, the San 128 
Leo plateau (43°53'47.87"N, 12°20'35.61"E, about 590 m a.s.l.,) is a well-known cultural heritage site. The 129 
boundaries of the slab were over the centuries shaped by several slope instability phenomena (Benedetti et al., 130 
2013). 131 

2.1 Geological and geomorphological settings  132 

The study area is part of the northern Apennines, a fold and thrust foreland belt. Two geological units outcrop in 133 
the study area: the Ligurian scaly clays and the Epiligurian limestones and sandstones, forming the so-called Val 134 
Marecchia Nappe. The scaly clays were deposited between the Cretaceous and middle Eocene in a deep marine 135 
environment and then translated up to their current position overthrusting the autochthonous Umbro-Marchean-136 
Romagnan domains. During the last translational phases, the semi-allochthonous Epiligurian units were 137 
deposited in minor sedimentary basins (piggy-back basins), formed within the Ligurian units. The mechanism of 138 
the emplacement of the Nappe is still under debate, explained in turn as a gravitational olistostrome (Flores, 139 
1955), a gravitational slide (Merla 1951; De Feyter, 1991) or compression in an active roof duplex (Bettelli et 140 
al., 1987; Conti, 1989). The landscape of the Val Marecchia Nappe area is characterised by isolated rocky buttes, 141 
plateaux and spurs of different dimensions, emerging from gentle hillslopes and badlands. The landforms are 142 
controlled by the litho-structural features of the Nappe and by differential erosion processes. The outcropping of 143 
resistant rocks and clay-rich terrains promotes selective erosion, shaping steep cliffs and spurs. The clayey 144 
substratum is involved in accelerated erosion processes leading to the progressive undermining of rock slabs and 145 
cliff retreat together with extensive mass movements and badlands (Nesci et al., 2005; Giardino et al., 2015). 146 
The emplacement of the nappe led to the strong deformation of the Ligurian deposits (Vannucchi et al., 2003) 147 



which has resulted in highly fissured and overconsolidated fine materials. The heterogeneity and the complexity 148 
of the tectonic history makes the assessment of the mechanical behaviour of this unit quite difficult (Casagli, 149 
1994). In addition, due to the overthrusting mechanism, the original thickness is not known with confidence. As 150 
highlighted by several authors (Casagli, 1994; Froldi et al., 1994), the material becomes stiffer with increasing 151 
depth.  152 
In the San Leo slab (Fig. 1), a 500 m long and 600 m wide plateau, two units belonging to the Epiligurian 153 
domain can be recognised: the San Marino limestones and the Monte Fumaiolo sandstones, lying unconformably 154 
on the Argille Varicolori scaly clays. The whole slab has a general north-westward dip and is bordered by 155 
approximately 100 m high, sub-vertical and overhanging cliffs. The rock mass is highly fractured. In particular, 156 
the northern, eastern and southern sides of the slab show a higher degree of fracturing, while the western side is 157 
more massive (Spreafico et al., 2015d). 158 
 159 

2.2  Climatic and hydrogeological settings 160 

In the study area, the mean annual rainfall varies from 369 mm to 1,258 mm (2002-2011; the San Marino rain 161 
gauge, located 9 km west of San Leo). During the year, two main rainfall peaks are recognizable, the first 162 
between October and November and the second in April. The snow cover is variable; it is usually recorded, 163 
according to the ARPA dataset (http://www.arpa.emr.it/sim/?telerilevamento/innevamento), between December 164 
and March. In recent years the cumulative snow cover has varied from 7 (2009) to 307 (2012) cm. The mean 165 
annual temperatures range between 11.7° C and 14.5° C, with a maximum of 27.6° C in July and August and a 166 
minimum of 0.4° C in January. The mean annual effective rainfall was estimated as 223 mm using the 167 
Thornthwaite and Mather (1957) formula and can be supplied to the soil between October and May. As noted by 168 
Spreafico et al. (2015b), this aliquot of water supplies a unique aquifer hosted within the calcarenitic slab, which 169 
in turn feeds several perennial and ephemeral springs discharging near the contact with the underlying clayey 170 
substratum. Springs discharges follow closely the effective rainfall distribution, with maximum values of a few 171 
ls-1 occurring from February to April. In this period, the time-lag between rainfall and discharge rise can be in the 172 
range of a few hours (Spreafico et al., 2015b).  173 
 174 

 175 

Fig. 1 Pre-event geological and structural map of the San Leo rock slab, the red line shows the area involved in the 2014 176 
landslide (modified after Badioli, 2012).  177 

2.3 Typical slope instability phenomena and evolution of the San Leo plateau 178 

http://www.arpa.emr.it/sim/?telerilevamento/innevamento


The study area has for centuries been affected by slope instability phenomena. Benedetti et al. (2013) examined 179 
several ancient documents and highlighted the similarity of the oldest recorded landslides with those recently 180 
occurring. As mentioned previously, the overall mechanism can be described as a lateral spread, or rock spread 181 
following the definition of Pasuto and Soldati (2013). Cruden and Varnes (1996) described block spreads as 182 
movements which involve a thick layer of rock overlying softer materials. Hungr et al. (2014), in a recent update 183 
of the Varnes classification, used the term rock slope spreading to indicate the quasi-horizontal stretching of a 184 
mass of coherent blocks of rock (cap rock), resulting from the deformation of the underlying weak material or by 185 
multiple retrogressive sliding. In addition to the contrast between the two overlapping units (rocky slab and clay-186 
rich substratum), the phenomena are probably driven by the relatively slow processes developing in the clay 187 
shale unit, which in turn trigger more rapid mass movements at the edges of the rock slab. The low material 188 
mechanical properties, the infiltration of water and other external factors can trigger shallow movements in the 189 
clayey slope, causing removal of material at the contact between the slab and the substratum. The role of the 190 
water discharging from the aquifer hosted within the slab appears to be very important, promoting the 191 
erosion/softening of the clayey material and the subsequent undermining of the rock faces. The resulting stress 192 
regime induces the progressive opening of the fractures in the rock mass, which in turn leads to higher discharge 193 
rates in the springs and enhanced erosion. The resulting rockfalls, toppling and slides may cause undrained 194 
loading of the saturated clayey slopes resulting in the reactivation or the acceleration of the landslide bodies at 195 
the foot of the cliffs. In addition, depending on the orientation of the fractures relative to the water gradient, 196 
groundwater flow within the rock mass can influence the stress conditions in the rock slab. The water pressure 197 
acting within a discontinuity can reduce the effective normal stresses and hence decrease the shear strength or 198 
cause additional seepage/tension crack forces. 199 
On the 11th May 2006 about 50’000 m3 of rocks detached from the northern side of the slab, causing the 200 
reactivation of an ancient earth flow at the base of the cliff. Laboratory and in-situ tests were performed on the 201 
clayey terrains. In particular an upper layer (1-3 m thick) with reduced mechanical properties, with respect to the 202 
deeper layers, was recognized. Moreover, during field surveys conducted in 2014 in the same areas, several rock 203 
detachments were observed, especially at the base of the cliffs (Spreafico et al., 2015d). In these areas no 204 
erosional features have yet developed. The phenomena mostly comprised wedge failures involving at least two 205 
pre-existing joint-sets (Fig. 2a). They are always associated with the presence of the softened clay shale layer, 206 
along which the wedges can slide (Fig. 2a). The pre-existing joint sets act as lateral release surfaces for the 207 
wedge and a fully-formed sliding surface can be recognized in the clay shales. Probably, the induced stress 208 
causes the developing of a rear newly-formed surface, resulting from pre-existing joints and intact rock bridge 209 
fracture. 210 
On 27th February 2014 a failure occurred in the north-eastern cliff involving a volume of about 330’000 m3 of 211 
rock. After the event, a major pre-existing discontinuity plane, about 65 m long and 40 m wide, was recognized 212 
in the upper part of the landslide scarp (discontinuity SL3.1 in Fig. 2b and c). From observations of the 213 
weathering of the surface, it is suggested that this discontinuity was probably already open before the failure. 214 
Several field surveys conducted after the landslide allowed discontinuities with similar orientation to be 215 
identified in the area bordering the north-eastern cliff and showed a mean spacing of about 20-22 m (Enser srl, 216 
2014). In the lower area of the landslide scarp, the failure seemed to propagate along smaller minor joints and 217 
through the fracture of intact rock bridges, showing a backward-propagation (Fig. 2d, red line). Terrestrial Laser 218 
Scanner (TLS) surveys were performed pre- and post-failure and allowed the identification of the main 219 
discontinuity sets in the area affected by the 2014 landslide (Spreafico et al., 2015c). Sections from the TLS 220 
point clouds are presented in Fig. 2d and 4a. The surveys conducted before the failure highlighted the presence 221 
of undermining in the area: caverns extending about 20 m under the slab were indicated (Fig. 4b). The precise 222 
quantification of the extent of undermining was however not possible, due to the rough topography and to 223 
rockfall hazard at the base of the cliff.  224 



 225 
Fig. 2. Views and sections of the San Leo plateau a) rock wedge detachment observed in the area of the 2006 landslide; b 226 
and c) views of the landslide area: the dashed yellow line borders the discontinuity referred to as SL3.1; d) section 3 from 227 

TLS, shown in green is the pre-failure surface and in red the post-failure surface. For section 17 see Fig. 4. Section 228 
numbers are reported in Spreafico et al. (2015c). 229 

2.4 Chemical alteration and physical weathering in the basal clay-rich units 230 

Spreafico et al. (2015c) highlighted that the slope instability phenomena developing in the San Leo area are 231 
predominantly driven by the behaviour of the basal clay shales. As mentioned, the latter are composed of clay-232 
rich units that are the result of a complex geological history, whose effects on their mechanical behaviour are 233 
noted by Picarelli et al. (2000). Due to aforementioned tectonic stresses, the clay shales appear sheared and 234 
highly fissured. Fissure/fracture surfaces are often polished and slickensided, with the development of fragments 235 
whose size varies from millimeters to centimeters (fig. 3a). As suggested by Picarelli et al. (2006), the peak 236 
strength can be close to residual, along closely-spaced discontinuities. The same authors noted that other 237 
mechanisms such as weathering, cycles of wetting-drying or freezing-thawing can promote a reduction in the 238 
shear strength values (i.e., the softening). Softening as described by Terzaghi (1936), Skempton (1970) and 239 
Nakano (1979), i.e. due to water absorption upon unloading, has been classified as an internal process, while 240 
softening due to weathering, has been considered to be external (Yoshida, 1991). Almost all of these 241 
mechanisms act on the superficial soil layers (up to 10 m), and are driven by water percolation, facilitated by the 242 
presence of shrinkage-induced cracks in the soil taking place during the dry season (fig 3b) and stress release 243 
(Picarelli et al., 2005; Yoshida, 1990). Water infiltration plays a fundamental role in the softening of clay rich 244 
terrains (Miscevic and Vlastelica, 2014) inducing chemical alteration (dissolution and precipitation of minerals; 245 
variation in pore water chemistry) and physical weathering (erosion s.s.). In particular, the first phenomenon can 246 
be described as the decomposition of the existing minerals to stable or metastable secondary mineral products, 247 
while the latter is related to the mechanical disaggregation of the former rock (Miscevic and Vlastelica, 2014). 248 
Both chemical and physical processes have been identified in similar highly plastic clay shales outcropping in 249 
the Italian Apennines (Picarelli et al., 2006; Picarelli and Di Maio, 2010). Here, two different mechanisms of soil 250 
weakening have been recognized: a) the reduction of effective shear strength parameters due to exposure to fresh 251 
water, associated with the progressive change of the chemical composition of the pore fluid, and b) a decrease in 252 
the soil suction pressure within unsaturated soils, which leads to a reduction of the associated apparent cohesion.  253 



 254 

Fig. 3. Photographs of the clay shales outcropping in the San Leo area: a), c) and d) at the contact with the rock slab at the 255 
base of the northern cliff; b) example of shrinkage-induced cracks in the proximity of the 2006 landslide deposit. 256 

With reference to (a), pore water chemistry is a well-known factor influencing the shear strength of clayey 257 
materials (Kenney, 1967; Mesri and Olson, 1970; Di Maio, 1996a, b; Di Maio et al., 2014). In particular, soils 258 
composed of clay minerals such as Smectite (i.e., sodium montmorillonite) are the materials most influenced by 259 
this process, due to the mutual role of Na and Ca cations with respect to this phase and the consequent changes 260 
in the interparticle forces. This is the case in the highly fissured plastic clay shales, which were initially 261 
deposited in a marine environment (Na-rich water) and only afterward exposed to rainfall and snowmelt 262 
infiltration (Ca-rich water). This leads to the replacement of Na with Ca within the pore water, inducing a change 263 
in clay-structure and a consequent reduction in shear strength (Picarelli et al., 2003; Di Maio and Onorati, 2002).  264 
The same process may reflect a decrease in the cohesion (Picarelli et al., 2006), peak and residual friction angles 265 
(Di Maio, 1996b; Di Maio et al., 2004). In addition, replacement of Na with Ca can enhance volumetric strains 266 
induced by swelling already acting on the clayey materials (Calabresi and Scarpelli, 1985; Rampello, 1992) 267 
leading to volume increase (Seedsman, 1986; Di Maio et al., 2004). A decrease in the soil suction pressure 268 
within unsaturated soils (b), has been shown to influence the mechanical properties of soils (Lu and Godt, 2008; 269 
Bittelli et al., 2012). Soils near the ground surface are seldom saturated (Freeze and Cherry, 1979), exhibiting 270 
three phases: solid, water and air (Fredlund and Rahardjo, 1993). The development of negative pore water 271 
pressures, or suction, influences the effective stress regime (Al-Badran, 2011).  272 
Fredlund and Morgenstern (1978) described the shear strength of unsaturated soils, using the variables (σ-ua) and 273 
(ua-uw), as: 274 

τ = c’+ (σn-ua) tanϕ’+ (ua-uw) βtanϕ’ 275 
 276 

where τ is the shear strength, c’ and ϕ’ are the effective cohesion and angle of internal friction, σn is the total 277 
normal stress on the failure plane, uw is the pore-water pressure and ua is the pore-air pressure. The coefficient β 278 
represents the ratio between the rate of increase in shear strength relative to a change in matric suction (ϕb) and 279 



ϕ’. β varies from 1 (saturated soil, ϕb = ϕ’) to low values (low water contents, ϕb < ϕ’) and accounts for the 280 
decrease in the effective stress strength relative to matric suction increase.  281 
In the case of unsaturated soils, soil suction plays an important role in defining material properties, e.g. rainfall 282 
can cause a decrease in suction and thus in the associated apparent cohesion (Picarelli et al. 2006).  283 
These authors, together with Di Maio et al. (2013) reported the presence of a superficial softened layer on the 284 
order of some meters thickness within the high plasticity clay shales. 285 
Both the mechanisms (a) and (b) were detected in clay shales from the San Leo area. Field and laboratory tests 286 
by Gibertoni (2007) have confirmed the presence of an upper softened layer with lower values of cohesion and 287 
friction angles, with respect to the lower portion of the substratum. In addition the composition of the soil 288 
showed a significant amount of smectite (Ribacchi and Tommasi, 1988) suggesting a high degree of activity and 289 
a swelling behaviour. The widespread presence of Thenardite (Na2SO4) and Kieserite (MgSO4·H2O) is clearly 290 
evident in the field (Fig. 3c and d) suggesting the influence of pore-water chemistry.  291 
As anticipated, water represents the main driver of these mechanisms; in the San Leo area, water supply is from 292 
direct rainfall and from the ephemeral and perennial springs discharging at the contact between the plateau and 293 
the clayey units. The water discharging from these springs also induces the seepage erosion of the clayey soils, 294 
promoting the undermining at the foot of the cliffs (fig. 4b). Undermining is more pronounced at the locations of 295 
the main discharge points (i.e. perennial springs) of the groundwater hosted within the slab. 296 

Materials and methods  297 

The principal objective of the San Leo 2014 failure back-analysis was the investigation of the failure 298 
mechanisms acting at the borders of rock slabs affected by lateral spread phenomena. Two main potential 299 
predisposing causes of the instability were considered: 1) the softening of a clay shale layer of 5 m thickness, 300 
and 2) the undermining of the cliff due to the clay shales erosion enhanced by seepage. Simulations were 301 
conducted for both cases using the 2D FEM code Phase2. This software allowed the role played by the major 302 
pre-existing discontinuity and by groundwater hosted within the rock slab to be examined. It should be noted that 303 
some of the indirect effects of the groundwater level on the substratum, i.e. the chemical and physical 304 
weathering, were indirectly taken into account in the numerical simulations by considering (1) degradation of 305 
clay shale mechanical parameters or (2) clay shale removal. 306 

3.1 Model geometry and parameters  307 

A Mohr-Coulomb elasto-plastic failure criterion was assumed for all the materials. In all simulations, with the 308 
exception of those using the Voronoi tessellation, the discontinuous rock mass was treated as a continuous 309 
equivalent medium (Table 1). Considering the objective of the analysis and the similarity of the two units 310 
forming the rock slab, the Monte Fumaiolo sandstone and the San Marino limestone were assumed to have the 311 
same mechanical properties. Rock mass properties were calculated using the RocLab code (Rocscience Inc., 312 
2014b). An intact uniaxial compressive strength of 99 MPa was assumed based on field-testing results using a 313 
Schmidt hammer (Di Giusto, 2009). A Geological Strength Index (GSI; Hoek, 1994; Hoek and Brown, 1997) 314 
equal to 50 was initially assumed based on field geomechanical surveys. A value of 1.25 MPa was selected for 315 
the tensile strength of the rock mass. The latter falls between the minimum value resulting from the RocLab 316 
analysis (0.13 MPa) and the maximum value (6 MPa) based on the back analysis of the cohesion and friction 317 
angle values. Moreover, laboratory tests performed on borehole core showed values of the tensile strength of the 318 
intact rock ranging between 2 and 4.9 MPa.  319 
A Mohr-Coulomb constitutive criterion was assigned to the pre-existing discontinuities (Table 2). Cohesion and 320 
friction angle were derived from geomechanical survey. Applying the formulae reported in Barton and Choubey 321 
(1977), the normal and shear stiffness were derived from the measured JRC and JCS parameters (Spreafico et al., 322 
2015c). 323 
In the Voronoi-DFN model, due to the explicit insertion of the main discontinuities, the GSI of the rock mass 324 
was increased to 70. This was done to allow a more realistic downgrading of rock mass parameters (Table 1). In 325 
fact, the use of the GSI allows the estimation of the equivalent rock mass properties, taking into account both the 326 
intact rock and the discontinuities. In particular, a sensitivity analysis was performed using different values of 327 
GSI, attempting to balance both the number of inserted model discontinuities with that observed in the field 328 
(with a representative ratio of about one model discontinuity to ten field discontinuities) and discontinuity 329 



importance, i.e. only the discontinuities actively involved in the failure were inserted. In order to allow fracture 330 
through the Voronoi contacts alone, elastic properties were assigned to the material included within the Voronoi 331 
boundaries. The Voronoi rock mass contacts were characterized with the same cohesion, tensile strength and 332 
friction angle as the rock mass (Table 2). The sides of the Voronoi polygons are intended to allow a simulation 333 
of the possible intact rock fractures within the intact rock mass. The normal stiffness (kn) was calculated using 334 
the formula proposed by Alzo’ubi (2009). The shear stiffness (ks) was then estimated using the kn to ks ratio 335 
reported in Christianson et al. (2006). In this way, the overall Elastic and Shear modulus values of the rock mass 336 
were maintained.  337 
Clay shale parameters, reported in Table 1, were derived from literature (Casagli, 1994; Froldi et al, 1994; 338 
Ribacchi and Tommasi, 1988; Gibertoni, 2007). A progressive increase in these parameters with depth was 339 
assumed in order to account for the data reported in Casagli (1994) and Froldi et al. (1994), which showed that 340 
the material becomes stiffer with depth.  341 
 342 

Table. 1 Material parameters used in the numerical modelling (rock mass properties with a GSI of 65 are referred to the 343 
parameters chosen for the model after the back-analysis performed on section 17) 344 

Material 

Unit 

weight 

(MN/m3) 

Young’s 

Modulus 

E (MPa) 

Poisson’s 

ratio ν 

Cohesion 

(MPa) 

Cohesion 

(residual) 

(MPa) 

Friction 

angle (°) 

Friction 

angle 

(residual)

(°) 

Tensile 

strength 

(MPa) 

Tensile 

strength 

(residual) 

(MPa) 

Clay shales 0.021 1,500 0.3 0.040 0.032 28 20 0.048 0.045 

Rock mass 

(GSI 65) 
(Properties chosen 

after the back-analysis 

on section 17) 

0.024 17,000 0.25 7.2 5.7 39 34 1.25 0.62 

Rock mass  

(GSI 70) 

 
(Voronoi-DFN model) 

0.024 20,000 0.25 7.8 - 41 - 1.3 - 

 345 
 346 

Table. 2 Discontinuities and Voronoi parameters used in the numerical modelling. MTL refers to the joint Mean Trace 347 
Length 348 

Discontinuity 

ID 

Dip 

[°] 

Dip 

direction 

[°] 

MTL pre 

landslide 

[m] 

Normal 

stiffness 

(MPa/m) 

Shear 

stiffness 

(MPa/m) 

Peak 

Cohesion 

(MPa) 

Peak 

Friction 

Angle 

(°) 

Tensile 

Strength 

(MPa) 

SL1 79 239 6.9 9,500 950 0.029 34.7 - 

SL3 84 023 4.4 9,500 950 0.030 34.7 - 

SL4 59 043 7.6 9,500 950 0.031 34.9 - 

Voronoi - - - 28,000 11,000 7.8 41 1.3 

Pre- and post-failure geometries were obtained from the TLS surveys of the cliff (Spreafico et al. 2015c). The 349 
section profiles were extracted from the pre-landslide TLS point clouds and extended by using the DTM of the 350 
area, in order to ensure minimal influence of the boundary conditions (Fig. 5). The final extent of the model is 351 
approximately 600 m (in the x direction) by 400 m (in the y direction). The models were discretized with a 352 
graded 6-noded triangle mesh, with a refined grid in the proximity of the edge of the plateau, i.e. the area 353 
affected by the failure. A zero y-displacement boundary condition was applied on the vertical sides of the model, 354 
while zero x and y-displacements were set for the bottom boundary. Initial conditions were applied by 355 
prescribing a gravity load to the entire model. Due to the uncertainty about the in situ stress conditions, 356 
horizontal/vertical stress ratios were set equal to 1. In fact, the geological evolution of the Valmarecchia nappe is 357 
still under debate. In particular, in the published literature compressional, extensional and gravitational tectonic 358 
processes are all described in the evolution of this area. An evaluation of the influence of this factor in similar 359 
cases can be found in Casagli (1994). The unit weight of the rigid blocks was assumed to be 24 kN/m3 for the 360 
rock slab and 21 kN/m3 for the clayey substratum (Ribacchi and Tommasi, 1988). Two sections were extracted 361 



and analysed: the first has been selected as the most overhanging slope (section 17, Fig. 4a), while the second is 362 
representative of the pre-failure geometry (section 3, Fig. 2d). Section 17 was used to back-analyse the rock 363 
parameters, assuming that, prior to the failure, the factor of safety should have been larger than 1. A Shear 364 
Strength Reduction (SSR), approach was used with gradual reduction of the strength parameters of the materials, 365 
until failure was reached. A Strength Reduction Factor (SRF) lower than 1 means that the slope is not stable. The 366 
application of this method has been discussed by several authors including Hammah et al., (2005), Diederichs et 367 
al., (2007) and Hammah et al., (2007). The resulting parameters (Table 1) were subsequently used to perform the 368 
simulations on the most representative section (section 3).  369 

370 
Fig. 4. San Leo 2014 event: a) section 17 from TLS, shown in green is the pre-failure surface and in red the post-failure 371 
surface are shown. For the trace section see Fig. 2b; b) pre-failure photographs showing the undermining at the base of the 372 
cliff and in the yellow circle a person for scale (Photograph courtesy STB Romagna). 373 

3.2 Model Simulations 374 

The FEM simulations shown in Fig. 5, were performed on the San Leo section 3. For all simulations, the initial 375 
steps consisted of the gradual removal of 5 clay shale layers from the top of the model. As suggested by 376 
Bozzano et al. (2008), this approach allows simulation of the recent evolution of a slope and the related stress 377 
history, i.e. the differential erosion (Fig. 5, step 1 to 5), acting mostly on the softer clay shale unit with respect to 378 
the structural surfaces of the rocky slab. An additional simulation was conducted, including the progressive 379 
removal of vertical layers from the border of the slab in order to simulate the effects of previous rock 380 
falls/topples, similar to the one that occurred in 2014; no significant differences were detected with respect to the 381 
first approach for the purpose of the presented analyses. 382 

 383 



 384 

Fig. 5. Geometry of the Phase2 models and of the two types of simulations undertaken: a) Softening of a thin Clay Shale 385 
layer of 5 m thickness (SCSL) and b) Undermining of the slab due to the seepage-related erosion of the clay shales (US). 386 
The numbers from 1 to 5 indicate the first stages of the simulations, where the gradual removal of 5 clay shale layers has 387 

been undertaken. 388 

All simulation results were compared with the information collected during geomorphological surveys and TLS 389 
data. In particular the TLS post-failure surface was used to validate the numerical results.  390 
A summary of the simulations is illustrated in Fig. 6, where the influence of the insertion of the main 391 
discontinuity SL3.1 was studied for the two main potential causes of slope failure: 1) the presence of a Softened 392 
Clay Shale Layer (SCSL) and 2) the Undermining of the Slab (US). The influence of variations in the 393 
groundwater level and the effect of the water pressure acting on the main discontinuity were taken into account 394 
in the US model only. In all previous simulations the jointed rock mass was treated as an equivalent continuous 395 
medium, i.e. the discontinuities were inserted implicitly (except for discontinuity SL3.1). The Voronoi approach 396 
implemented in the US model incorporated a simplified Discrete Fracture Network, DFN, in order to explicitly 397 
simulate the discontinuities, both the pre-existing joints (simulated through the simplified DFN) and the intact 398 
rock fractures, represented by the sides of the Voronoi polygons. 399 
 400 



 401 

Fig. 6. Schematic illustration showing the types of simulations performed. 402 

3.2.1 Softened Clay Shale Layer (SCSL) 403 

To simulate the clay shale softening, the mechanical properties of a 5 m thick layer were decreased by a factor 404 
varying from 0.1 to 0.9. This means that the clay shale parameters, i.e. Young modulus, cohesion, friction angle 405 
and tensile strength were decreased from 10 to 90% of their initial values, reported in Tab. 1. The extent of the 406 
softened area under the slab is unknown. By analysing claystone weathering pattern in a similar manner to that 407 
presented in Evans (1981) and Tommasi (1996) it is suggested that the degree of softening can vary spatially, 408 
increasing toward the edges of the plateau. Due to the influence of groundwater flow paths and with reference to 409 
the proposed conceptual weathering model, the extent of the softened clayey layer in our FEM models was 410 
assumed to vary. In particular, simulations were performed assuming a layer 10, 25 and 50 m in length measured 411 
from the toe of the cliff and extending in-slope beneath the plateau. A further simulation was performed with the 412 
same layer extending in-slope for the total length of the plateau. A first analysis was conducted to evaluate the 413 
failure mechanisms, with and without the insertion of the pre-existing discontinuity SL3.1. The position and the 414 
trace length of the discontinuity were deduced from the TLS data. Subsequently, several slope simulations were 415 
conducted, varying both the degree of softening and the length of extent of the softened clay layer. The 416 
decreased clay shale mechanical properties were then compared with those reported by Gibertoni (2007) and 417 
derived from laboratory tests.  418 

3.2.2 Undermining of the Slab (US) 419 

The modelling scheme consists of several steps in order to simulate the erosional processes driven by 420 
groundwater seepage (Fig. 5b). In particular, elongated clay shale slices of 2.5 m were progressively removed 421 
starting from the toe of the cliff. The role of the pre-existing discontinuity SL3.1 was analysed through 422 
comparative simulations in which it was either omitted or included. An SSR approach was then used, to 423 
calculate the SRF for each model step. A SSR Search Area option was adopted which allows focusing of the 424 
failure surface search within a particular region of the model, i.e. the area located at the border of the slab; the 425 
results allowed the degree of erosion to be correlated with the stability of the slope.  426 

3.2.3 Evaluation of the groundwater effects in the US simulation 427 

The results of a 3D hydrogeological model (FEFLOW; Diersch, 2005), presented in Spreafico et al. (2015a), 428 
were used to show a maximum of 4 m elevation of the groundwater level, prior to the 2014 landslide. To 429 
evaluate the influence of the groundwater on the stress conditions and the hydraulic loads acting on the main 430 
discontinuity, simulations were performed using the US model (a) including the piezometric line derived by 431 
Spreafico et al. (2015a) and (b) considering the hydraulic load on the discontinuity SL3.1.  432 
In the US simulation of the groundwater level rise (a): 433 

1) the average piezometric line derived from the hydrogeological model was inserted into the US 434 
simulation from stage 6, i.e. after the initial stage representing the recent evolution of the slope (i.e., 435 
differential erosion). The insertion of the groundwater surface is expected to make the slope less stable 436 
compared to the simulation conducted without water;  437 



2) the model was then run until the slope failure was reached, to identify the critical degree of undermining 438 
in the simulation with the average piezometric line;  439 

3) a new simulation was then undertaken ending the removal of the clay slices at the stage prior to the 440 
failure, to test the influence of the groundwater surface rise alone; 441 

4) in the following stage the excavation amount remained fixed and the groundwater surface was raised 442 
based on the FEFLOW simulation results.  443 

For the US simulation concerning the water pressure insertion (b) a similar procedure was adopted: 444 
1) the clay shale slices were gradually removed until the stage prior to the failure;  445 
2) in the following stage, the removal of a further clay shale slice was substituted with the insertion of the 446 

water pressure in the discontinuity SL3.1.  447 
This allows estimation of whether an increase in the groundwater level or inclusion of the water pressure in the 448 
main discontinuity could be considered as the triggering factor of the failure or not. 449 

3.2.4 Implementation of the Voronoi approach in the US simulation 450 

As noted by Borgatti et al. (2015), the San Leo slope failure initially developed along a pre-existing 451 
discontinuity and then propagated partly through the intact rock mass, with the breaking of intact rock bridges, 452 
and partly along other pre-existing discontinuities. The Voronoi tessellation was used to simulate fracture 453 
propagation. This tessellation randomly sub-divides the space into non-overlapping convex polygons. The 454 
Phase2 code allows the creation of a discrete fracture network allowing simulation of natural joint patterns 455 
within the rock mass. The Voronoi joint network consists of joints that are defined by the bounding segments of 456 
the Voronoi polygons. The Voronoi logic allows the different blocks formed by the polygons to detach 457 
completely from another simulating intact rock fracture and block movement; this approach was implemented in 458 
the US model. The density of the joint network was chosen setting the mean length of the Voronoi polygon edge 459 
equal to 0.5 m. This allowed simulation of a fine fracture network without an excessive increase in the 460 
computational effort. With reference to Gao and Stead (2014), as fractures can only develop along the block 461 
contacts, a smaller block size results in a lower influence on the simulated fracture pattern. Due to the major 462 
increase in computational runtime due to the insertion of Voronoi polygon and the consequent reduction in the 463 
mesh size, the Voronoi were inserted only in the area close to the edge of the plateau, where the failure was 464 
expected to develop. In this simulation, the pre-existing discontinuities mapped by means of TLS point cloud 465 
were also considered. Three main joint sets were mapped. Results of the discontinuity characterization are 466 
described in Spreafico et al. (2015c) and are reported in Table 2. In particular, the average spacing of the joint 467 
sets SL1 and SL4 observed in the field during engineering geological surveys was about 0.5 m, while the spacing 468 
of joint set SL3 was approximately 2m. In the failure debris area blocks up to 20’000 m3 are easily recognizable 469 
and almost 50% of the failure blocks have a volume larger than 64 m3. It is therefore suggested that it is clear 470 
that not all the discontinuities observed play an active role in the slope failure mechanisms, otherwise the block 471 
dimensions would have been significantly smaller. An explanation can be provided by considering the different 472 
degree of persistence of the joints and the presence of rock bridges within the rock mass. As an example, 473 
observing the slope sketched in Fig. 7, and assuming an average spacing of 0.5 m between the discontinuities 474 
slope failure would most probably occur on the more persistent joints, i.e. first order discontinuities, while the 475 
others discontinuities may not be actively involved in the failure. 476 
To consider only those fractures actively involved in the failure, the spacing was assumed on the basis of the 477 
average post-failure block dimensions, assuming that the edges of these blocks can be considered as 1st order 478 
discontinuities. 479 
 480 



 481 
Fig. 7. Discontinuity characterization: a) sketch of a conceptual slope illustrating the difference between the average joint 482 

spacing measured in the field and the effective joint spacing of the discontinuities actively involved in the actual failure 483 
mechanism; b) example of 1st order discontinuity and of second order discontinuities, interrupted by intact rock bridges, in 484 

the deposit of the 2014 San Leo landslide. 485 

Three joint networks, each representing one of the joint sets, were introduced into the Phase2 model, using 486 
parallel deterministic networks. This simplified Discrete Fracture Network (DFN) was implemented with the aim 487 
of evaluating the interaction between the pre-existing discontinuities and their propagation through the intact 488 
rock matrix. Using the parallel deterministic network it is possible to choose an infinite joint length, or to specify 489 
persistence, defined as the ratio of the joint length to total length along the joint plane. Three scenarios were 490 
simulated, varying the persistence of the pre-existing discontinuities between 25, 50 and 75%. Different 491 
simulations were performed for each of these scenarios, to account for the probabilistic nature of the DFN 492 
generation. The Voronoi contacts were characterized with the same properties of the rock mass, to allow the 493 
simulation of the rock mass fracturing. The use of the Voronoi logic allows a more realistic simulation of slope 494 
failure and shows fracture initiation and propagation during slope failure (Vivas Becerra, 2014).  495 
 496 
 497 



 498 
Fig. 8.Geometry of the Voronoi network (in yellow) and of the simple DFN. Shown in magenta, blue and green are 499 

discontinuities belonging respectively to the discontinuity sets SL1, SL3 and SL4 (persistence equal to 50%). 500 

Model Results 501 

In the initial simulation stages step-by-step removal of the clay shale layer promotes an unloading and 502 
consequential stress-induced deformation in the clay shales. In all the simulations, squeezing and shear yielding 503 
were noticed in the clayey unit at the edge of the plateau. 504 
Both the SCSL and US simulations performed without the insertion of the discontinuity SL3.1 at the top of the 505 
slope, showed a failure pattern that did not agree with field observations on the San Leo 2014 failure. In this 506 
case, a larger volume of rock mass was involved in the failure and the backward propagation of the failure 507 
surface was not reproduced. The insertion of the discontinuity resulted in the simulation of a failure surface that 508 
agreed very closely to that measured with the TLS post 2014 San Leo failure; a comparison is shown in Fig. 11. 509 
 510 

3.3 Softened Clay Shale Layer (SCSL) 511 

Various degrees of softening and different lengths of in-slope extent of the softened clay shales layer were 512 
investigated. Analyzing the maximum shear strain values and the yielded elements (i.e. mesh elements which 513 
failed in shear or tension) it is possible to recognize which combination of parameters was critical for the onset 514 
of slope instability. In Fig. 9, the most relevant simulation results are shown. In the upper row of fig, 9 the 515 
alteration degree was fixed at 80 % of the initial values, while the lateral extent of the softened layer was 516 
increased in length. The slope reached a critical state when the softened layer was extended under the entire 517 
length of the slab. Simulations carried out using a reduced extent of the softened layer (5, 10 and 50 m, 518 
respectively) do not simulate slope failure. The lowering of the clay shale properties appeared to trigger tensile 519 
failure in the upper area of the slope and the propagation of the discontinuity SL3.1 when the layer was extended 520 
a length of 50 m under the slab. In the simulations represented in the lower row (Fig. 9) the extent of the layer 521 
was fixed at 50 m, and clay shale properties gradually changed. The elements located near the failure surface 522 
seem to yield when the initial clay shale properties were reduced by 85 %. The shape of the failure detachment 523 



surface was correctly reproduced by the model, showing the backward propagation in the lower sector of the 524 
scarp. Areas with higher tensile strain displaying a vertical shape were detected at the top of the slab, about 100 525 
m to the rear of the cliff. Similar features were recognized in the field, both pre and post-failure, as shown in Fig. 526 
10. 527 
The reduced clay shale values were compared with those derived from field and laboratory tests conducted by 528 
Gibertoni (2007) after the 2006 landslide for the softened layer ( 529 

Table 3). The cohesion values are very similar, while the friction angle obtained from the simulations appears to 530 
be very low in respect to the ones measured in the laboratory. In particular, the friction angle was derived from 531 
consolidated drained shear tests on two specimens sampled in the San Leo northern area. It should be 532 
emphasised that (i) the critical values of the clay layer properties derived are dependent upon failures occurring 533 
within the rock mass and (ii) the laboratory test results may indicate higher bound laboratory values for friction 534 
and not lower-bound field scale softened values. 535 

 536 

Table 3. Comparison between the parameters of the softened clayey layer derived from laboratory tests (Gibertoni,2007) 537 
and from numerical simulations 538 

 
Cohesion 

(kPa) 

Cohesion (residual) 

(kPa) 

Friction angle 

(°) 

Friction angle (residual) 

(°) 

Lab tests 9-10 0-5 16-20 10-16 

Simulations (80%) 8 6.4 5.6 3.9 

Simulations (90%) 6 4.8 4.2 2.9 

 539 

 540 

Fig. 9. Results of the SCSL simulations. Upper row: Degree of softening fixed and increasing length of extent of the 541 
softened layer (from left to right); lower row: fixed length of extent of softened layer and lowering of the mechanical 542 

properties of the layer (from left to right)  543 



 544 
 545 

Fig. 10. Views of the east cliff, before (a, b) and after (c) the 2014 failure. SL3.1 is shown as a red dotted line; 546 
discontinuities having an orientation similar to SL3.1 are highlighted as yellow dotted lines. b) Orthophoto of the NE cliff 547 

(Bing), the yellow dotted lines indicate discontinuities (detected also in the field) while the evidence interpreted as the 548 
discontinuity SL3.1 is indicated with a red dotted line. 549 

 550 

3.4 Undermining of the Slab (US) 551 

In the US simulations the strain propagation also initiates from the lower part of the discontinuity SL3.1 and 552 
propagates down- and backwards (Fig. 11a). The SRF for each stage of the simulation are plotted against the 553 
meters of clay shale removed, e.g. the degree of undermining. The critical SRF = 1 is reached at between 22.5 554 
and 25 m of excavation (Fig. 12). Tensile strain is recorded in the inner part of the slab, probably also including 555 
the effects of increase in joint aperture. As anticipated, displacements and yield in the clay shales are mostly 556 
recorded in the first stages of the simulation, i.e. reproducing the recent evolution of the slope and the related 557 
stress history (stage 1 to stage 5). However, additional shear yielding and movements can be correlated to the 558 
overburden load of the slab. In stage 6 the weight of the plateau is supported by a continuous clay layer, while in 559 
the following stages the progressive undermining, i.e. the removal of 2.5m wide clay shales slices as illustrated 560 
in Fig. 5b, results in a decrease of the clay shale area on which the weight of the plateau is distributed. This 561 
process can lead to a stress-induced softening of the clayey material. Moreover, the clayey material located 562 
below the removed slice can be subjected to swelling induced by unloading. In the present model, slices of 2.5 m 563 
are removed suddenly, while the natural erosion process would develop over a long time period, thus both 564 
displacements and stresses induced in the clay shales can be overestimated. 565 



 566 

Fig. 11. Results of the US simulations: a) Maximum shear strain measured at stage 14; b) US model results with no pre-567 
existing discontinuities; c)Pre- and post-landslide sections extracted from TLS point clouds 568 

 569 
Fig. 12 SRF for each stage of the simulation, plotted against the length in meters of removed clay shales 570 

3.3 Groundwater 571 

The insertion of the elevated piezometric line in the US simulation (Fig. 13a) led to a general deterioration in the 572 
stability conditions of the slope. In particular, in the model without the insertion of the piezometric line, the 573 
failure developed at stage 15 (about 22.5 m of undermining) while, taking into account the piezometric line, the 574 
failure developed at stage 12 (about 15 m of undermining). Thus, the groundwater level increase was simulated 575 
at the 11th stage. As shown in Fig. 13a, the results of the simulation highlight that this process alone was not 576 
sufficient to trigger the instability. The water pressure acting on the main detachment discontinuity (Fig. 13b) 577 
can be considered a probable triggering factor. In fact, as illustrated in Fig. 13b, the inclusion of water pressure 578 
led to the failure at stage 10 (about 10 m of undermining). It should be noted that modelling the rise in 579 
groundwater level alone does not allow the role of water flow in terms of weathering and erosion to be assessed. 580 
In fact, an increase in groundwater level might imply an effective increase of water seepage velocity and thus an 581 



enhancement in erosional and softening processes acting on the clay shales layer. This phenomenon was not 582 
simulated in the model.  583 

 584 

Fig.13. Results of the evaluation of the groundwater effects in the US simulation: a) effects of the rise in groundwater level 585 
(about 4 m) at the 11h stage of the simulation; b) effects of the water pressure acting on discontinuity SL3.1 at the 10th stage 586 

of the simulation 587 

3.4 FEM Voronoi-DFN model  588 

Results for a range of different models were obtained by varying the degree of persistence of the pre-existing 589 
joints (25, 50 and 75% of the total length of the joint plane) and highlight the importance of discontinuity 590 
persistence on the slope failure mechanism. In the case of a joint persistence equal to 25%, slope failure was not 591 
simulated even with as much as 32.5 m of undermining, i.e. 10 m more than in the previous US simulations. In 592 
contrast in the simulations performed with a joint persistence degree equal to 75% the slope failure was 593 
simulated at between 10 and 15 m of undermining. Due to a higher fracture density, the jointed medium appears 594 
to behave more like a continuum, showing a failure surface similar to that resulting from the analysis conducted 595 
without any discontinuity (nor the SL3.1), shown in Fig. 11b; thus, the failure mechanism was not correctly 596 
simulated. Finally, results of the simulation performed using a joint persistence of 50% are shown in Fig. 14. The 597 
failure surface follows the main joint in the upper area of the cliff. In the lower portion both the joints belonging 598 
to the simple DFN, e.g. the pre-existing joint sets and the Voronoi joint network are involved in the slope failure. 599 
The results are representative of the actual failure surface. The different simulations performed for the last 600 
scenario (joint persistence = 50%) suggested that, in addition to the joint persistence, the positions of the pre-601 
existing joints also plays a role in the definition of the critical degree of undermining for slope failure.  602 



 603 

Fig.14. Results of the Voronoi simulation, shown in red are the joints yielded at the failure stage and in dark red the joints 604 
yielded at previous stages of the simulation. Non-yielded joints are represented with their original colour (green, magenta 605 

and blue). Failures in the clay shale substratum are only partially shown, for visualization purposes. 606 

The Voronoi approach allowed highlighting of the fracture propagation through the intact rock mass and 607 
interaction with the pre-existing joints and also more realistic simulation of the detachment mechanisms. Some 608 
fracture of intact rock bridges can also be seen in areas not directly involved in the slope failure phenomena, 609 
probably related to boundary induced effects developing between the area with and without the Voronoi-610 
network, or to the tensile stress developed in the inner part of the slab, visible also in the previous simulations. 611 

Discussion 612 

Our research has focused on the effects of the groundwater within the slab on the clay shale unit and 613 
consequently on the stability of the vertical and overhanging rock cliffs bordering the slab itself. The 2D FEM 614 
code Phase2 has allowed realistic simulation of the 2014 San Leo failure, reinforcing the evidence of secondary 615 
toppling phenomenon acting at the edges of the plateau.  616 
The whole slope failure process can be summarized as follows. The aquifer hosted within the fractured slab, due 617 
to its relatively higher secondary permeability in comparison with the lower clay-rich units, favours the 618 
development of perennial and ephemeral springs at the contact between the two units. Chemical and physical 619 
processes, mainly associated with the interaction of clay shales with groundwater, promote softening of a basal 620 
layer which, associated with seepage erosion and groundwater sapping processes, led to the progressive removal 621 
of material at the toe of the slab. In the bedrock headwall, where favourable joint intersections are present, caves 622 
develop leading to the progressive undermining, collapse and retreat of the headwall itself. Moreover, creep and 623 
shallow landslides contribute to the removal of material. The cliff becomes progressively unstable and undergoes 624 
large-scale landslides due to falls or topples. The resulting landslide deposits may cause an undrained loading on 625 
clay-rich units (both on bedrock and on loose landslide and slope deposits), which in turn leads to the 626 
reactivation or to the acceleration of slow-moving earth slides or flows in gullies. In addition, the stress related to 627 



the rock failure may contribute to the opening and increase in aperture of discontinuities within the rock slab, 628 
enhancing and promoting future slope processes.  629 
The model simulations include the effects of groundwater flow in the slab and at the contact with the underlying 630 
clay shale layer by introducing (1) the lowering of the mechanical properties of a relatively thin clayey layer 631 
underneath the cliff (illustrated by SCSL simulations) or (2) the removal of substratum slices to simulate the 632 
undermining of the slab (US simulations). Both these mechanisms have been observed in the field. In these 633 
preliminary simplified models they were treated separately but in practice they probably act together. In fact, the 634 
two effects are actually parts of the same process: while the shallower layer of clay shale is progressively eroded 635 
the remaining portion is subjected to strength degradation and vice-versa. As suggested by Yoshida et al. (1991) 636 
the softening can, in fact, be considered more severe near the ground surface than at depth, because at shallow 637 
depths both internal (due to water absorption upon unloading) and external (due to weathering effects) softening 638 
takes place. The removal of clays can be seen as the last stage of the softening phenomenon. The role of the clay 639 
shale substratum is fundamental in the initiation of the failures affecting the rock slab. Evans (1981) excluded 640 
the possibility of a relevant instability triggered by the material removal at the toe of the cliff, admitting that only 641 
minor failures (vertical column ranging from 0.5 to 1 m wide) are possible. The important difference between his 642 
work and our research is the extension of the undercutting. In fact, areas investigated by Evans (1981) were 643 
characterized by a maximum erosion depth in the order of 2 m. In the same work, Evans recognized that the size 644 
of the rock mass involved in the failure is determined by the extent of basal weathering and undercutting. In the 645 
San Leo case study, the undermining necessary to initiate massive instability in the cliff is similar to that 646 
observed in the field (about 20 m).  647 
The comparison between the critical mechanical properties of the clay shales as derived from the numerical 648 
analyses and those determined from laboratory testing shows similar values for cohesion, whereas the friction 649 
angle obtained from the model simulations appears to be lower. This comparison can be only considered as 650 
purely indicative, since it is influenced by several factors, i.e. scale and sampling effects, the presence of micro- 651 
and meso-structures and weakness planes in the clay shales and the influence of the rock mass properties on the 652 
derived critical clay shales properties. 653 
At the same time, it must be pointed out that Di Maio and Fenelli (1994), Picarelli et al. (2000) and Di Maio et 654 
al. (2004) found similar differences (about 70%) by analysing the residual shear strength of smectite-rich clay 655 
shales in distilled water and in NaCl solution. In particular they found a residual friction angle equal to 4°-6° for 656 
the specimen tested in distilled water and about 15° for the one tested in the saturated salt solution. 657 
Moreover Botts (1986), analysing the softening behaviour of Pierre shale, found a 75 % decrease in strength 658 
after one drying and rewetting cycle (reduction of 6° in the internal degree of friction, loss in cohesion from 848 659 
to 0 kPa).  660 
With reference to the San Leo case, the lowering of the cohesion and friction angle in clay shales can be further 661 
explained by a combination of the two processes, i.e. the softening associated with change in pore water 662 
chemistry and a decrease in soil suction. 663 
Finally, as introduced by Terzaghi (1936) and Skempton (1970), slope unloading might play an important role in 664 
the softening of fissured over-consolidated clays, which, as a consequence, can experience some reduction in 665 
shear strength. Furthermore, the changes in the slope morphology, i.e. the cliff undercutting, can lead to stress 666 
concentrations in the underlying clayey layer and thus in the development of damage and yielding.  667 
Regarding the values chosen for the rock mass properties, the tensile strength seems to influence the onset of 668 
failure. A similar importance of this parameter was noticed also by Styles et al. (2011) studying the detrimental 669 
effect of a wave-cut notch at Chalk cliffs in southern England.  670 
Another important factor is the presence of almost-vertical discontinuities at the top of the cliff. Without 671 
considering the vertical discontinuities, the actual failure mechanism cannot be reproduced. As shown by the 672 
simulations, the increase in the aperture of these discontinuities is favored by the tensile stress developing in the 673 
upper part of the slab prior to the failure. In fact, the shape and the position of the tensile strain areas in the 674 
models agree closely with the fractures mapped in the field before and after the failure. It appears that the 675 
historic failure induced slope displacements provide the conditions for successive instability events. Tensile 676 
failure and subsequent growth of tension cracks at the top of the slope were also reported by Styles et al. (2011) 677 
due to chalk cliff undercutting. In this case, probably due to the different mechanical properties of the 678 
investigated weak chalk rock masses and to the absence of a well-developed discontinuity at the top of the cliff, 679 



the obtained failure mechanism was slightly different with stress concentration fracture developing from the 680 
notch and subsequent migrating upward. The failure surface reported in Styles et al. (2011) also shows a 681 
different geometry, without the backward propagation typical of the San Leo 2014 landslide. In the simulation 682 
performed without the insertion of the upper discontinuity, the failure surface geometry appears to be more 683 
similar to that described by Styles et. al. (2011).  684 
The Voronoi approach was used to represent fracture propagation within the intact rock mass, transforming a 685 
continuum medium into a combination of independent blocks. In this way, it was possible to include some of the 686 
benefits of the discontinuum methods in a continuum code. The Phase2 Voronoi-DFN model successfully 687 
simulates the complex failure mechanisms, including both the opening of pre-existing fractures and intact rock 688 
bridge fracturing. In the present work the Voronoi approach was used to confirm and integrate the results 689 
reached in the previous simulations. Gao and Stead (2014) and Havaej et al. (2014) suggested that, for the 690 
Voronoi tessellation implemented in UDEC, a calibration of the block contact properties is required. The 691 
properties used in the simulations for the FEM Voronoi joint network seem to reproduce correctly the failure 692 
mechanism, so in this preliminary analysis no attempt was made in the calibration of the micro-properties.  693 
The results agree closely with the back analysis carried out on the same slope using the DEM 3DEC (Spreafico 694 
et al. 2015c). Moreover, in the present simulations, the continuum Phase2 numerical code allows the backward 695 
propagation of the detachment surface to be reproduced.  696 
In field observations on the 2014 San Leo landslide scar and deposit, rock bridges can be clearly identified. 697 
Given their importance in controlling the failure, as showed in the Voronoi simulations, the quantification of 698 
their amount could lead to an enhanced understanding of the mechanisms leading to the slope failure. Increasing 699 
attention has recently been given to the study of rock bridges however the quantification of rock bridge content 700 
remains an important area for future research and is not trivial. Tuckey (2012) attempted to develop a procedure 701 
for the estimation of rock bridge content using remote sensing techniques and highlighted the geotechnical 702 
challenges. In our simulations only the breaking of in-plane rock bridges (sensu Tuckey, 2012) could be 703 
analyzed, due to the 2D software. Analysis regarding the rupture of out-of-plane rock bridges and the 704 
interlocking between rock blocks would provide further insight on the acting failure mechanisms.  705 
In the last two major San Leo slope failures, i.e. the 2006 and the 2014 events, an undermined area at the base of 706 
the cliff was recognized prior to the failure. Furthermore, oxidation was recognized on the joint set with an 707 
orientation parallel to the cliff face, indicating water circulation and thus their pre-existence. The difference in 708 
the detached rock volumes can probably be explained by a combination of the degree of undermining and the 709 
position of the pre-existing discontinuities sub-parallel to the cliff orientation. In the case of sub-vertical 710 
discontinuities closer to the rock cliff, a lesser degree of undermining would be sufficient to trigger the 711 
instability. 712 
Some limitation of the present work can be recognized in an inability to fully model the evolution of the failure 713 
with time. In fact, although the different excavation stages can roughly simulate the relative time, the implicit 714 
solver implemented in the code Phase2 allows only one solution for each stage. An explicit modelling method, 715 
e.g. with a brittle fracture finite-discrete element code such as Elfen (Rockfield 2001), should be used to more 716 
fully investigate this aspect.  717 
Additional work should be undertaken on the simulation of the clay shales behavior, reproducing more closely 718 
the erosion processes and the stresses acting on the surficial layer of this unit. The monitoring of the 719 
displacements in this unit and the use of more suitable constitutive criteria, to describe the effects of time and 720 
strain-dependent softening effects on overconsolidated clays (Yoshida et al., 1990; Stead, 2016), may help to 721 
better constrain the slope failure. 722 
Further development should concentrate on the definition of the groundwater flow path within the slab and on 723 
the estimation of the seepage erosion rate induced within the underlying clayey units. It would be of great 724 
interest to evaluate the time necessary to produce an undermining similar to that analyzed in the present work, in 725 
order to estimate the return period of comparable failures. The work proposed by Miscevic and Vlastelica (2014) 726 
can be cited as an example of such an estimation; they quantified a weathering rate for marls underlying a 727 
sandstone layer near Split (Croatia) as 10 cm/year, monitoring the length of the overhanging sandstone layer 728 
through the time (8 years).  729 
The detection of the areas characterized by a higher spring discharge rate and thus by a more accelerated seepage 730 
erosion would also help in the identification of the zones more susceptible to instability and ensure the design of 731 



effective countermeasure works. 732 

Conclusion 733 

Back analyses through numerical models can provide further insights and understanding of mechanisms of rock 734 
slope failure. The present study provides an in depth understanding of the factors influencing the long-term 735 
evolution of lateral spreads where brittle rock masses overlie a soft substratum. In particular, the onset of 736 
secondary toppling mechanisms, developing at the edges of fractured plateaux was reinforced through the back 737 
analysis of the 2014 San Leo landslide. These processes can affect similar slabs subjected to lateral spread 738 
phenomena. The role of several factors, both external and internal to the slope system, have been investigated 739 
with respect to similar slope instabilities, i.e. marked contrast between the mechanical properties of the overlying 740 
and underlying geological units and the resulting stress distributions within the slabs, stress relief in the stiffer 741 
overlying units due to the erosion of the underlying softer units, and overburden load due to the rock slabs 742 
causing deformation of the underlying weaker terrains. Here, we prove that groundwater plays an important role 743 
in the evolution of the whole slab, enhancing weathering and subsequent geomorphological processes at the base 744 
of the cliffs. The importance of the processes developing in the clay shale unit were highlighted.  745 
The paper presents an innovative application of FEM-DFN-Voronoi to rock slope stability analysis which has 746 
not been applied to the authors’ knowledge within the previous literature to the back-analysis of a major 747 
landslide. Thanks to the coupling between Finite Element Voronoi approach and a simple DFN, the simulation 748 
of fracture propagation along pre-existing discontinuities and the breaking of intact rock bridges was simulated.  749 
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