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7. Conclusions 
Rheological behavior of clayey soils in general and the creep behavior of this material in 
particular is starting to be more and more significant in theoretical and practical geotechnical 
engineering. Increasing building activities on the soft clay foundations demand a better 
understanding of the creep phenomenon and more powerful tools for the analysis and 
prediction of this behavior. The natural viscosity of the clayey soil seems to be one of the 
main characteristics influencing the creep, or more generally the rheological behavior of this 
material. The analysis of landslides in clayey soils, considered as a viscous flow of the whole 
body or of the thickness of one stratum, seems to be the best approach. 
The use of classical stability analysis on an infinite clayey slope gives an unrealistic landslide 
velocity development as soon as pore pressures become sufficient to induce any movement. 
This is in contrast to the results of monitoring real slopes. The models used in the time 
dependent simulations are based on this “dynamic approach”, rather than just considering 
“static” limit equilibrium. 
The simulations of the landslide dynamics by taking into account a viscous component were 
performed using parameters obtained by residual conditions data.  
The visco – plastic model approaching in this thesis provides a more realistic model for 
velocities and displacements development.  
In the first approach, only a pore pressure variation can produce a change in landslide 
movements because viscosity parameter found is considered constant in time. 
In the second approach at visco - plastic model, viscosity parameter is considered variable in 
time and depending from a threshold in average pore water pressure. 
This model has been applied at three clayey slow movements landslides: from stability 
analysis it has been obtained that Orvieto and Vallcebre present safety factor above unitary 
critical value instead in Fosso San Martino case, safety factor is higher than unitary value. 
In both cases, movements occur. It can be noted that the first approach of visco – plastic 
model produces better results in landslides cases whose safety factor is above critical value. 
Investigation of viscosity parameter can help to obtain a better understanding and prediction 
of the creep deformations. Special attention should be paid to the investigation of the true 
physical viscosity of the natural clay and its influence on the creep behavior (or more 
generally rheological behavior) of this material. 
For this reason, laboratory test is proposed in ring shear apparatus in order to compare results 
of laboratory with data obtained from modeling. 
Regarding the three cases analyzed some conclusions are proposed subsequently. 
 
Monitoring of the Orvieto overconsolidated clay slope over several years indicated that 
relentless deep-seated movements involve the entire portion of the upper softened part of the 
clay formation to a depth of 33 m. Movement rates are characterized by both annual and 
multi-annual variations that are well correlated to pore pressure and rainfall regimes. 
Reactivations occur after prolonged rainfall periods (cumulative rainfall over up to 180 days 
from Tommasi et al., 2006) characterized by a sharp excess with respect to the average 
rainfall regime. An acceleration peak is generally observed each year. These extremely slow 
movements extend from the slope toe up to the foot of the tuffaceous slab, that, in turn, is 
continuously deprived of support and is subjected to a significant decrease of lateral confining 
stresses. This process accounts for stress-induced fracturing of the tuff as well as for 
deformations and failures at the slab margin. These have involved man-made structures 
throughout the town’s history.  
Inclinometer data, field surveys and air photo analyses suggest that shallow movements are 
irregularly distributed over the slope at different elevations.  
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Shallow and deeper movements locally interact, especially at the foot of the slope. Such an 
interaction could be the key to explain the 1900 Porta Cassia slide, which occurred 35 years 
after the completion of the Rome–Florence railway. The railway construction required the 
excavation of discontinuous cuts not exceeding 4 m in height that could have reactivated the 
shallower slides at the slope foot, which subsequently induced a delayed failure of the upper 
part of the slope, possibly with a progressive mechanism. This hypothesis is also supported by 
the observations made by Vinassa de Regny on the railway cut, transported downhill by the 
slide. In fact, he stated that “…I was able to recognize…from quite clear elements…that the 
clay outcropping on the cut face showed signs of movements, albeit though limited, which 
had occurred well before the 1900 slide.” 
Movements depict a mosaic of unstable areas evolving along different slip surfaces that are all 
located at the same stratigraphic level but are kinematically independent except for local 
mutual influences. Shallow movements are characterized by a more rapid response to rainfall 
variations (cumulative rainfall over up to 60 days from Tommasi et al., 2006). Rainfall 
produces relatively fast changes of pore pressure in the more permeable shallow materials 
(slide debris and uppermost jointed and softened part of the clay formation).  
Visco – plastic model seems to have very good results when viscosity is considered constant 
with correlation coefficient r2=0.98 but not very agreeable results have been obtained when 
viscosity has not been considered constant in time.  
 
The existence of thick colluvial deposits on vast areas of Fosso San Martino slope shaping a 
region formed by marly clay formations has been ascertained. The colluvial covers may be 
affected by continuous slow movements, although average rainfall is relatively low (800 
mm/year from Bertini et al., 1984). From ten years of observations it has been possible to 
recognize that main characteristics of movements occurred in downhill in Abruzzo slope are 
continuity in time and very low speeds of movements. 
Some remarks about this landslide have been moved: 

• low values of velocities are due to particular geometric and geologic situation of 
slopes in which colluvial covers lean a bedrock along surface whit gentle inclination. 
It is not forecast that this situation will change in time, for this reason phenomenon 
can be considered “permanent”;  

• the slope flow system is characterized by superposed aquifers corresponding to 
unweathered marly clay bedrock and colluvial covers; slope movements are governed 
by the pore water pressure regime of bedrock stratum: on the contrary of others slopes 
in colluvial covers where stability conditions are governed by the bedrock pore water 
pressure regime; 

• movements of colluvial covers seem due to creep in a zone in which residual shear 
stress is applied. The slowness of phenomenon causes not immediately influence in 
landscape evolution. However,  the persistence in time of these movements could have 
a significant action as regard stability of engineering works.  

Application of visco – plastic model seems to have not very good results when viscosity is 
considered constant with correlation coefficient r2=0.73 but the best result obtained when 
viscosity has not been considered constant in time it can be seen in Fosso San Martino 
application.  
 
The nearly continuous monitoring of the Vallcebre landslide has allowed the observation of 
some characteristics of the landslide behavior that would otherwise have gone unnoticed. The 
landslide is very sensitive to rainfall, and cracks have been shown to be preferential 
infiltration and drainage pathways. Monitoring network has shown the dependence of the rate 
of displacement on groundwater level; from this the existence of a viscous component in the 



CHAPTER 7                                                                                                              Conclusions 
 

114 
 

landslide behavior is inferred. On the other hand, the continuous records have been used to 
both calibrate and validate the analyses performed. 
From the point of view of the limit equilibrium stability conditions within the hypothesis of 
infinite slope , the Vallcebre landslide has a factor of safety of about one.  
However, when critical conditions are reached, failure does not occur instantaneously, 
because only a small acceleration of the mass is produced. Thus, a full analysis needs to 
consider the dynamics of the landslide, instead of assuming a binary approach: stability versus 
failure. This simulation is successful because the parameters back-analyzed (Corominas et al., 
2007) are consistent with field and laboratory data obtained in an independent manner. 
Moreover, agreeable results are obtained when viscosity is constant (r2=0.99) or not constant.  
 
The more important advantage of proposed model is the capacity in predicting adequately 
movements in soils with strong behavior as a viscous flow. In this way, stability of 
engineering works might be planned. From results proposed, it can be seen that when in an 
area there is a constant and adequate monitoring, as in Vallcebre one, all elaboration of data 
are possible with realistic results. Other times, when monitoring is not satisfying as within 
Italian cases of Fosso San Martino and Orvieto, it is not possible to consider outcomes as 
interpretation of reality  without “artifices”. 
In order to obtain more realistic and better results from models, some remarks are proposed: 
 

 the assumption of mechanical parameters obtained from back – analysis and not only 
the use of model in residual conditions; 
 

 the application of model for many boreholes so to perform global values for all the 
slope: it means that calibration of model happens simultaneously relating to viscosity 
parameters but also friction angle, density, cohesion…; 

 
 the performance of model considering the real slip surface and not only within infinite 

slope hypothesis. 
 
 
 

 

 

 

 

 

 

 


