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Abstract 

The paper presents the preliminary results of a numerical investigation of the effect of cycling pore water 

pressures on landslide processes. The stability conditions of a natural slope in Volturino (FG, Italy) have been 

studied using hydro-mechanical finite element simulations implementing an advanced kinematic hardening soil 

model, which able to account for the degradation of the initial soil structure induced by changes in the water 

table. The model has been calibrated against available data obtained from laboratory tests on representative soil 

samples of the Volturino slope. The analyses have been carried out for two permanent hydraulic steady-state 

conditions. These represent the average pore water pressure regime at the end of winter and summer, which 

replicate in a simplified way the seasonal fluctuations of the piezometric levels resulting from transient seepage 

processes generated by the slope-atmosphere interaction. The results demonstrate the ability of the numerical 

approach to capture the development of deep landslide mechanisms within the slope and the evolution of 

permanent displacements associated to the continuous accumulation of plastic deformations during the cyclic 

fluctuation of pore water pressures. 

1. Introduction 

The overall equilibrium of a slope depends on several internal and external factors [1]. These include 

the boundary conditions at the ground surface and the related exchanges of water between the top soils 

and the atmosphere, through the processes of rainfall infiltration, water evaporation and transpiration 

from the vegetation, which are referred to as ‘slope-atmosphere interaction’. Changes with time of the 

soil pore water pressures, and hence changes of the soil stress-strain conditions, are consequent of 

such interaction. In particular, the pore water pressure changes generate, on one hand, variations of the 

mobilized shear strength and, on the other, variations of the available shear strength. This may cause 

either the onset or the progression of slope failure, with eventual final slope instability. Failure results 

from the slope-atmosphere interaction, especially within slope portions whose stability is marginal and 

may be lost in the event of even small increases in pore water pressures. Alternatively, failure may 

occur within shallow slope portions whose stability is solely dependent on the presence of significant 

suctions in the soil pores (i.e. above the water table), which are reduced with increasing rainfall 
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infiltration. In any case, slope stability varies with time as a result of climatic fluctuations [2]. Despite 

the highest soil-atmosphere exchange flux of water takes place at shallow depths, recent research has 

demonstrated that deep slope movements, which are found to jeopardize the safety of roads and 

railway, can be triggered by slope-atmosphere interaction. These deep movements can be related to the 

variations in seepage conditions at depth consequent of the slope-atmosphere interaction, as the whole 

seepage domain in the slope reacts to the exchange process taking place at the top boundary. Seasonal 

excursions of the piezometric heads of even 2 or 3m have been measured from 30m down to 50m 

depth in clayey slopes and shown to be due to the seasonal climatic processes. Such seasonal cycles in 

pore water pressure have been shown to induce the yielding of deep weak clays which may seasonal 

deep movements. Furthermore, in slopes that are the location of old landslide bodies of marginal 

stability, seasonal cycling of pore water pressure due to climate has been shown to trigger seasonal 

reactivation of sliding and damage to buildings and infrastructure interacting with such slopes [e.g. 3-

4]. 

This paper presents the preliminary results of a numerical investigation of the effect of cycling pore 

pressures on landslide processes occurring along a natural slope in Volturino (FG, Italy). Hydro-

mechanical finite element analyses have been carried out for two permanent hydraulic steady-state 

conditions, thus simulating, in a simplified way, the seasonal fluctuations of the piezometric levels 

resulting from transient seepage processes generated by the slope-atmosphere interaction. 

2. Case study 

The Fontana Monte landslide is a large earth-slide [5-6], about 1km long and 300m wide, which is 

active along the northern slope of the Volturino town and affects a gentle slope (mean slope 

inclination = 9°). The slope is formed mainly of marly clays belonging to the Toppo Capuana 

Formation (referred as TPC hereafter; see Fig 1). Toppo Capuana Flysch (TPC) is an inorganic, marly 

clay of medium to high plasticity with random oriented fissures, deeply altered by the Apennine 

tectonics. Beneath the TPC deposit there is a layer of Faeto Flysch (FAE), a stratified unit of non-

fissured high plastic clayey marls and clays and calcareous strata, underlain by a unit of Sub-Apennine 

blue clay (ASub), a succession of stiff, marine clayey silts and clays. The landslide activity in the 

upper portion of the slope is documented by cracks and fissures, which develop during the wet seasons 

in buildings and roads located along the crest and the borders of the landslide. The landslide also 

shows clear signs of activity in the lower middle portion of the slope, where cracks and bulging in the 

green field due to slope movements are frequently observed. The seasonal occurrence of slope 

deformations and damages to structures, taking place during winter and at the beginning of spring, 

indicates that straining evolution in the shear bands and landslide accelerations occur as a consequence 

of cumulated infiltration of water at depth during the rainy season [7]. The comparison between the 

topographical map from 1848 and that from 2000 revealed that Fontana Monte landslide was 

presumably active already in the nineteenth century. The current slope activity is supposed to represent 

a stage of landslide re-activation due to the straining evolution along pre-existing shear bands [8]. 

 

 

Fig 1. Longitudinal section of the Fontana Monte slope with indication of the boreholes equipped with 

inclinometers and units involved: (1) landslide body, (2) Sub-Apennine clays, (3) Toppo Capuana clays, (4) 

Faeto Flysch (modified after [8]) 
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Fig 2. Profiles of cumulative displacements for the inclinometer a) I1 

and b) I2 (modified after [8]) 

According to Lollino et al. [7-8], 

inclinometer measurements taken in 

borehole I1 (Fig 1) from January 

2009 to July 2012 give evidence of a 

shear band at about 24m depth (Fig 

2a). The in-situ data indicate the 

occurrence of on-going local 

retrogression of the landslide, so that 

nowadays the landslide scarp is 

coincident with the crest of the hill. 

Inclinometer measurements taken in 

borehole I2 in the same time interval 

indicate the occurrence of shear 

localization between 45 and 55m 

depth (Fig 2b), where incremental 

displacements of about 2mm were 

logged both at depths ranging 

between 43-48m and 51-53m. 

A more detailed description of the geology of the site and the in-situ investigation data is presented by 

Lollino et al. [7-8]. 

3. Numerical approach 

The numerical simulations have been performed using the Finite Element (FE) code PLAXIS 2D [9], 

which allows to account for non-linear behaviour of two-dimensional geometries along with user-

defined constitutive models. In contrast to previous research on the Fontana Monte slope [7-8], in this 

work the hydro-mechanical simulations have been carried out using the rate-independent kinematic 

hardening RMW constitutive model formulated by Rouainia and Muir Wood [10] for natural clays. 

The modelling framework is intended to include the effect of structure degradation and the associated 

strain-softening processes caused by the accumulation of irrecoverable plastic strains through the 

incorporation of a structure surface, which decays toward the reference surface representing the 

mechanical behaviour of the corresponding reconstituted, structureless material.  

 

 

Fig 3. Longitudinal section implemented in the FE analysis 

Fig. 3 shows the modelled longitudinal section of the Fontana Monte slope, with the location of the 

inclinometers I1, I2 and 12 additional verticals (i.e. SP1, SP2, SC1 and V1 to V9) selected to calculate 

the profiles of incremental displacements along the slope and to describe its predicted failure 

mechanism. The RMW model has been adopted to describe the mechanical behaviour of the TPC 
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deposit and its parameters have been calibrated using the laboratory data reported by Lollino et al. [8], 

while a linear elastic-perfectly plastic model, with a Mohr-Coulomb strength criterion and a non-

associated flow rule (ψ = 0°), has been adopted for the other soil layers (i.e. FAE and ASub). Fig. 4 

shows, with solid lines, the stress paths and stress-strain curves resulting from undrained triaxial test 

carried out on TPC undisturbed samples retrieved from borehole SC1 (see Fig. 3) and consolidated to 

the in-situ pressure. The 36m depth sample, characterised by a PI equal to 35% and a clay fraction of 

60%, has been considered representative of the TPC mechanical behaviour. 

 

 

Fig 4. Comparison between laboratory data [8] and RMW predictions for undrained triaxial tests 

An overconsolidation ratio (OCR) of 2.5 has been assumed in the RMW single element simulations, 

consistently with the results of the oedometer tests on the same TPC samples. The advanced model 

predictions are reported, with dashed lines, in Fig. 4 and the adopted model parameters are 

summarised in Table 1. The critical stress ratio M is equivalent to an effective friction angle of 16.5 

and the initial value of the parameter r is representative of a slightly structured clayey soil. 

Table 1. RMW parameters for the TPC soil 

M λ* κ* R B ψ η0 r0 A* k ν 

0.63 0.0615 0.032 0.15 1.1 2.1 0 1.25 1.0 1.5 0.25 

 

The FE model has been initialised by applying the gravity 

loading to an initial horizontal deposit and assuming an at-

rest earth pressure coefficient equal to 1 for all the materials, 

an initial degree of structure of the RMW model (r0) equal to 

4 and an OCR of 1.2 for the TPC soil. Thereafter, the current 

slope geometry (Fig. 3) has been obtained by successive 

excavations of TPC layers and keeping the water table few 

meters below the ground surface at each excavation stage. 

This has allowed to obtain, at the end of the excavation 

process, a profile of r0 and OCR along the SC1 vertical 

consistent with the assumptions made in the RMW 

calibration, as shown in Fig. 5. The figure also presents the 

profiles of r0 and OCR obtained along other verticals at the 

end of the slope FE model initialization. In contrast to 

previous work [7-8], no predefined shear bands have been 

implemented in the FE model. 

 

Fig 3. Profiles of r and OCR at the end of 

the excavation process 

At the end of the initialization phase, a steady-state seepage analysis has been undertaken to simulate 

the summer seepage regime in the slope, imposing an impermeable hydraulic boundary condition at 

the bottom of the model, open boundaries along the vertical sides and a water table 4m below the 
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ground surface. This has been followed by a plastic nil phase, where the displacements have been reset 

to zero, and by 60 consecutive steady-state groundwater flow analyses simulating the oscillation of the 

water table between summer and winter. Table 2 summarises the phases implemented for the 

initialization process (1 to 12) and for the simulation of the pore pressure cycles (13 to 132). 

Table 2. Phases implemented in the FE procedure 

Phase number Phase name Water table Pore pressure calculation 

1 Initial phase 4 m bgs phreatic 

i = 2 to 10 Excavation j (j = 1 to 9) 4 m bgs phreatic 

11 Initial summer 4 m bgs steady-state groundwater flow 

12* Plastic nil phase 4 m bgs steady-state groundwater flow 

g = 11 + 2∙k (k = 1, …, 60) Winter k 0 m bgs steady-state groundwater flow 

f = 12 + 2∙k (k = 1, …, 60) Summer k 4 m bgs steady-state groundwater flow 

*displacements reset to zero 

4. Results and discussion 

The profiles of pore pressure obtained along the verticals I2 and V5 at the end of phase 11 (initial 

summer) and 13 (winter 1) are shown in Fig. 6. It can be seen that the pore pressure change, obtained 

when the water table is located to coincide with the ground surface during winter, is almost constant 

with depth along the vertical I2, while it reduces considerably moving downslope (vertical V5). This is 

confirmed by the profile of incremental pore pressures (p), obtained along the longitudinal section of 

the slope at a depth of 30m below ground surface, presented in Fig. 7. 

 
 

Fig 4. Pore pressure profiles at the end of phases 11 and 13 Fig 5. Incremental pore pressures obtained 

along the longitudinal section at 30 m bgs 

 

 

 

Fig 6. Numerical inclinometers along the longitudinal section of the slope 
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Fig. 8 shows the profiles of incremental 

horizontal displacements calculated for different 

verticals along the longitudinal section of the 

slope at the end of phase 11 (i.e. winter 1). The 

numerical inclinometers indicate the occurrence 

of two deep failure mechanisms in the upper and 

middle part of the slope, also highlighted by the 

plastic points shown with grey dots in the same 

figure. Finally, the evolution of the incremental 

displacements obtained along the vertical I2 at the 

end of winter 1, 10, 20 and 60 is presented in Fig. 

9, showing the accumulation of horizontal 

displacement in a deep shear band at around 60m 

below ground surface. At the end of the 60 pore 

pressure cycles, the accumulated displacements, 

plastic points and shear strains show the further 

development of a failure mechanism only in the 

upper part of the slope, given the small pore 

pressure increments induced by the water table 

oscillation downslope. 

 

 

Fig 7. Profiles of incremental displacements predicted 

along the vertical I2 for phases 13, 31, 51 and 131 

Overall, the results show a good performance of the numerical model in capturing the development of 

deep landslide mechanisms induced by water table fluctuations within a prototype slope representative 

of a class of clay-slides which is very diffuse in the Southern Apennines. 
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