
CAPTHER 1                                                                                                             Introduction                    
 

1 
 

1. Introduction 
Clayey soils are extremely complex natural materials containing a significant amount of 
finely dispersed clayey particles less than 0.002 mm in diameter, which have the greatest 
influence on the difficult physical, mechanical and physicochemical processes inside these 
materials.  
Clayey soils exhibit all the rheological properties, where the creep is the most typical, 
pronounced and readily observed. Because of the difficult nature of these materials there are a 
lot of aspects influencing their creep behavior such as composition (content of the clayey 
particles), stress history, change in temperature, biochemical environment and 
transformations. Usually these soils display large creep deformations seen for instance in the 
form of prolonged settlements, tilts and horizontal shifts of buildings and geotechnical 
structures, or slow slippage of the natural slopes and embankments.  
 
Based on the visual observation of deformations of ancient structures and natural slopes, the 
existence of a creep in clayey soils is known since time immemorial. Nevertheless the real 
investigation of this phenomenon started in the middle of 19’th century due to the intensive 
building activities.  
Creep of clayey soils started to be interesting for scientists and specialists after the 
observation of unacceptably large prolonged deformations, affecting normal exploitation of 
structures and roads. It is possible to say that during the last century, and mainly during the 
last few years that creep deformations in clayey soils started to be an important problems of 
soil mechanics.  
Today one can find a lot examples of in-situ creep behavior. A classical one is the uneven 
settlement of the Tower of Pisa in Italy.  

 
Figure 1: Example of the in-situ creep deformation - Tower of Pisa, Italy. Picture from Havel F. (2001). 
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Construction on the tower was started in 1173 and completed in 1360. The height of the tower 
is 58 m from the foundation and 54.58 m from the ground, weight has been calculated as 14 
453 tones, the area of the annular foundation is 285 m2 and the mean pressure on the base is 
0.514 MPa. Due to the creep deformation of clays deposited in the form of lenses in the sandy 
base, the tower settled and tilted to one side. The mean settlement of the structure according 
to one of the many evaluations is 1.5 m, and the tower still continues to settle. The tilt of the 
tower is 5.58 m, i.e. the inclination is about 5.5°. An illustration of the tower’s section with 
the geological situation below the structure together with the tower’s mean settlement with 
mass of structure can be found in figure 1 a) and b) (Havel; 2004). 
It seems important note that not all settlement is due to creep: usually the most important part 
is due to primary consolidation during which soil deforms because water escapes form pores 
and pore water pressure dissipated (deformations due to increase in effective stresses). When 
this phenomenon is finished, creep may start and this phase is called secondary creep 
(deformations at constant effective stresses and without any change in pore water pressure). 
In next illustration is proposed a results of a laboratory data used to construct a plot of strain 
or void ratio versus time where the time axis is on a logarithmic scale: 

 
Figure 2: Primary and secondary consolidation. 

Secondary consolidation is the compression of soil that takes place after primary one: at time 
tp occurs the passage between primary and secondary phase. Secondary consolidation is 
caused by creep, viscous behavior of the clay-water system, compression of organic matter, 
and other processes. In many cases when settlements are recorded for long time, in unexactly 
way, the cause is found in creep whereas them are simply caused by primary consolidation. 
The happening of creep phenomena are possible when viscosity is one of the most important 
materials involved property.   
  
There are a lot of other documented examples of in-situ creep behavior, where some of them 
finished with the total failure of construction. One can see that the study of the creep behavior 
of soils in general and creep behavior of clayey soils in particular is extremely important for a 
better prediction of in-situ behavior. This work is also necessary to avoid the problems with 
significant prolonged deformations which can result in the construction’s failure. Although a 
lot of research work related to the creep behavior of a natural clay material has been done 
since this time, there are still many questions about this phenomenon. Even today, the 
prediction of the time dependent deformation in natural clay material is usually very 
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problematic. Detailed laboratory, in-situ and numerical studies of soft soil creep are necessary 
for the better understanding and, consequently, adequate prognosis of this behavior. 
All these aspects have been conducted in this work whose structure is subsequently proposed: 
 
Chapter one deals with motivations who leads this thesis, in particular the importance of creep 
moving landslides that can appear in the pre failure phase or it can be considered as active 
landslide and how it can be explained the role of the viscosity in creep phenomena. 
 
The second chapter is a theoretical one. An introduction to the creep theories and models 
available in literature in order to forecasting when a movement in a landslide will occur. 
Finally, the attention focus on the state of the art regarding creep modeling. 
 
A description of three sites of analyses is presented in Chapter three. All geological, 
morphological and mechanical characteristics for Orvieto, Fosso San Martino and Vallcebre 
sites are proposed. Hydrological conditions are analyzed and for the first two cases a 
modeling of pore water pressure proposed by publications from University of Salerno is 
discussed. Moreover, using SEEP of GeoStudio program, the developing of total head for 
different boreholes and for different depths in the same borehole in studied for the two Italian 
cases. 
 
Chapter four is dedicated to the stability analysis. These analyses have been conduct in terms 
of infinite slope hypothesis and whit a limit equilibrium program (SLOPE of GeoStudio) 
based on Morgenstern and Price method. Course of safety factor is proposed in diagrams 
imposing residual strength parameters. A sensitivity analysis about safety factor is examined 
with different couples of cohesion and friction angle showing that cohesion has more 
influence on stability conditions. 
 
An approach at dynamic analyses adapt to active landslides is presented in Chapter five. A 
visco – plastic model is descript including viscosity parameters found with a “step by step” 
procedure. In first attempt viscosity parameters has been considered constant but 
subsequently, these has been considered changing in time using a viscosity index in 
correspondence of period in which movements occur or stop. Finally, these index have been 
correlated whit inverse of safety factor. 
 
Chapter six creep behavior of the clayey soils with emphasis on the laboratory investigation is 
studied. After characterisation of the viscosity, in a visco – plastic model in chapter five, as 
one of the main factors influencing the clay’s creep behavior, ring shear test is conducted in 
Vallcebre sample in order to obtain a physical understanding of viscosity character in clay 
soil.  
 
The final chapter, Chapter seven, summarizes the main conclusions and comments based on 
the previous work. The most important advantages of visco – plastic model which can be 
helpful for the other creep studies are presented.  
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1.1. Motivation 
The increasing need for safe areas for human activities requires a major improvement in the 
research on slope behavior,  with particular reference to risk assessment. This approach can 
provide a powerful tool for management of  land occupied for civil, industrial and agricultural 
uses. As a first requirement, the probability of landslide occurrence must be evaluated. 
Despite this, the problem of landslides has not been wholly resolved for many reasons, 
including the random intensity of environmental factors that can trigger landslides (rainfall, 
erosion, earthquakes, etc.), the difficulty in predicting fundamental features of landslides, the 
large number of settlements and infrastructures to be protected, the high costs required to 
increase the safety of threatened areas and the environmental impact often associated with 
stabilizing works. As a consequence, systematic stabilization of unstable slopes is practically 
impossible, and new methods for mitigating the risk of landslides are required, based on a 
clear understanding of the mechanics of slope behavior (Picarelli, Urciuoli et al.; 2001).  
In landslide threatened areas, solutions usually focus on the implementation of mitigation 
measures that avoid the slope failure or divert the moving mass away from vulnerable 
elements, or protect or reinforce the threatened elements. However, in some places, to 
stabilise a landslide may simply be too costly in financial and/or environmental terms.  
When mitigation is not feasible, it is important to consider the implementation of warning 
systems that may, at least, avoid damage and loss of human lives. To be effective and reliable, 
warning systems require a sound knowledge of the behavior of the landslide, including the 
mechanism, the potential triggers and their respective thresholds (rainfall intensity and 
duration), the expected time of failure or reactivation, the expected velocity, and the areal 
extent including the run out distance where appropriate (Corominas, Moya et al.; 2007).  
 
For geotechnical engineers it is necessary to have additional information for landslides’ 
characterization in comparison to those acquired by means of in situ and laboratory 
investigations. Once the mechanisms controlling landslide behavior are assessed, monitoring 
can be effectively used to calibrate and validate a ‘reliable’ geotechnical model of the 
landslide under study, and predict landslide movements as a function of the time variation of 
the identified triggering mechanism. This might enable more effective designs of stabilization 
works and the assessment of the risk to properties associated with the landslide movements 
(Calvello, Cascini et al.; 2007). 
Relating the behavior of the soil mass to the monitoring data is generally a difficult task to 
perform, and very rarely objective methods are implemented to predict the ongoing 
movements.  
The numerical model described herein focuses on active landslides, controlled by rainfall 
induced pore pressure fluctuations and having movements concentrated within a relatively 
narrow shear zone above which the sliding mass moves essentially as a rigid body. The model 
aims at both predicting displacements of these landslides and objectively updating their 
predictions using monitoring data (Calvello, Casciniet al.; 2007).  
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1.2. Description of the problem: creep moving 
landslides 

Among the landslides’ classification systems proposed in the literature, creep phenomena are 
defined from many authors: 

Terzaghi (1950): mass of rock, residual soil or sediments adjoining a slope […] proceeding at 
an imperceptible rate. 

Hutchinson (1988): any extremely slow movements which are imperceptible except through 
long-period measurements. 

Leroueil (1996): creep along pre-existing slip surfaces is defined as active phenomenon 
controlled by localized shear with a moving landslide body and without any reference about 
time and duration of the movement. 

In particular, the study shaped by Leroueil et al. 1996 defines four stages of activity during 
landslide’s life: the pre-failure stage, the failure stage, the post-failure stage and the 
reactivation stage. 
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Figure 3: Stage in  landslides’ life in Leroueil theory.  L. Cascini – The geotechnical slope model – LARAM 

2007 

 
At the beginning of the prefailure stage, the slope experiences small strains due to a 
progressive change in the stress field or soil properties. Then local failure characterized by 
shear strain localization and formation of a shear surface occurs within the zones of stress 
concentrations and a slip surface forms. The complete spreading of the failure zone up to the 
ground surface leads to the onset of general failure (first-time failure). In the postfailure stage, 
the landslide body moves along the slip surface: in brittle soils, it experiences some 
acceleration just after the onset of failure due to shear strength reduction. In the long term, 
however, the landslide body reaches an equilibrium condition. Reactivation involves old 
landslide bodies, or part of them, sliding along the existing slip surface when the induced 
shear stress exceeds the residual value (Picarelli, Urciuoli, Russo; 2001). 
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Creep sings may well be found in two of the previous stage: 
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Figure 4: Stage in  landslides’ life in Leroueil theory. L. Cascini – The geotechnical slope model – LARAM 

2007 

In the first phase of pre failure, creep signs are pre announcing the first failure will occur: 
slowly moving slopes develop into more brutal or catastrophic landslide.  
In this case, creep phases can be distinguish as proposed in this illustration: 
 

 
Figure 5: Strain versus time diagram. L. Cascini – The geotechnical slope model – LARAM 2007  

This classification is based on the type of the strain-time behavior. When a shear stress 
smaller than the peak strength acts on a soil mass, the mass shows increases in strain as time 
goes, which is called creep. It exists a creep curve consisted of three stages that are mutually 
different in deformation properties and according to the shape of the strain-time curve 
(Okamoto, Larsen, Matssura et al.; 2002): 
  
Primary creep I: decreasing strain rate 
Secondary creep II: constant strain rate 
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Tertiary Creep III: accelerating strain rate. 
The primary phase, in some literature also called transient or fading, can be defined as a creep 
deformation during which the strain rate decreases continuously with time. Deformation at a 
constant rate (material flow) is denoted as the secondary phase, and sometimes also called 
non-fading. In the case of the tertiary or the accelerated phase the strain rate is continuously 
increasing and it accelerates until the soil mass failure. This phases leads to the creep rupture.  
 
There is also a different way of dividing the creep behavior: according to the acting stress it is 
possible to divide creep behavior into volumetric and deviatoric (or shear) creep. Volumetric 
creep is caused by the constant volumetric stress and deviatoric creep is caused by the 
constant deviatoric stress. Generally, volumetric creep consists only of the primary phase of 
the creep deformation, i.e. it tends to stabilise. Deviatoric creep may or may not consist all 
three phases, depending on the shear mobilisation. If the deviatoric stress is low, then only 
primary creep phase will appear, but after crossing some level of the shear mobilisation 
primary phase will be followed by the secondary phase which can lead to the tertiary phase 
and creep rupture. 
 
In the second case creep regards active landslides move along one or several pre-existing slip 
surfaces, where the mobilized shear strength corresponds to residual conditions: 

 
Figure 6: Stage in  landslides’ life in Leroueil theory.L. Cascini – The geotechnical slope model – LARAM 

2007 

If the curve becomes asymptotic to the x-axis, movements are trending toward steady state 
and you have an asymptotic trend in 1/velocity – time plot: 
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Figure 7: Course of velocity in time. L. Cascini – The geotechnical slope model – LARAM 2007  

In such conditions, the soil is not affected by a strain softening behavior and, consequently, 
the rates of displacement of the moving mass are generally small, varying between some 
centimetres and some metres per year. 
Movements tend to arise in the first ten meters of the sedimentary superficial layers (these 
deposits are then of marine, lacustrine or glacial origin). They are generally intermittent, 
being mainly related to pore pressure fluctuations induced by rainfall: they accelerate at the 
end of a wet season and decelerate, sometimes to zero, in the dry season. Due to the very low 
safety factor which is governed by the residual strength along the slip surface, even small 
changes in pore pressures can lead to significant changes in the displacement rate (Picarelli, 
Urciuoli et al.; 2001). 
 
The slow movements of a natural slopes is a well – known geological process but from a 
geomechanical point of view its analysis is still insufficiently understood. 
The difficulties in analyzing and predicting such phenomena emerge essentially from different 
sources: 

• Most of these movements occur in isolated and remote areas, so access to the sites is 
usually difficult; 

• Movements (typically few centimeters for year) are difficult to measure and 
instrumentation is usually complex (photogrammetry, boreholes excavation, 
inclinometers, piezometers..); 

• As far as the time – dependent behavior is concerned the constitutive response of soils 
is still insufficiently understood. Laboratory tests usually are far from being 
representative of long term in situ behaviors (several weeks, months or years); 

• Slope movements are often strongly influenced by hydrological factors. In using any 
mathematical model that incorporates hydrological factors in predicting time – 
depending behavior of the slope is fraught whit uncertainties (Vulliet, Hutter; 1988).  
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1.3. The role of viscosity 
Viscosity is a measure of the resistance of a fluid to being deformed by either shear stress or 
extensional stress. It is commonly perceived as resistance to flow. Viscosity describes a fluid's 
internal resistance to flow and may be thought of as a measure of fluid friction. 
Fundamentally it depends from nature of the fluid (cohesion) and from temperature: viscosity 
is necessary strength to broke particles links’ and to pass between them. In order to do it fluid 
loss energy in terms of warmth. When temperature decreases, cohesion decreases and 
viscosity grows. 
 All real fluids (except superfluids) have some resistance to stress, but a fluid which has no 
resistance to shear stress is known as an ideal fluid. The study of viscosity is known as 
rheology. 
When looking at a value for viscosity, the number that one most often sees is the coefficient 
of viscosity. There are several different viscosity coefficients depending on the nature of 
applied stress and nature of the fluid:  

• dynamic viscosity is the viscosity coefficient that determines the dynamics of 
incompressible Newtonian fluid;  

• kinematic viscosity is the dynamic viscosity divided by the density of Newtonian 
fluid.  

Viscosity Measurement 

Viscosity is measured with various types of viscometer. Close temperature control of the fluid 
is essential to accurate measurements. For Newtonian fluids, it is a constant over a wide range 
of shear rates. One of the most common instruments for measuring kinematic viscosity is the 
glass capillary viscometer. In paint industries, viscosity is commonly measured with a Zahn 
cup, in which the efflux time is determined and given to customers. Also used in paint, a 
Stormer viscometer uses load-based rotation in order to determine viscosity. Vibrating 
viscometers can also be used to measure viscosity. These models use vibration rather than 
rotation to measure viscosity. Extensional viscosity can be measured with various rheometers 
that apply extensional stress. 
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 Units of Measure 

The IUPAC symbol for viscosity is the Greek symbol eta (η), and dynamic viscosity is also 
commonly referred to using the Greek symbol mu (µ). The SI physical unit of dynamic 
viscosity is the pascal-second (Pa·s), which is identical to 1 kg·m−1·s−1. 

The cgs physical unit for dynamic viscosity is the poise (P). It is more commonly expressed, 
particularly in ASTM standards, as centipoise (cP). The centipoise is commonly used because 
water has a viscosity of 1.0020 cP (at 20 °C; the closeness to one is a convenient 
coincidence). 

1 P = 1 g·cm−1·s−1  

 

Newtonian  and non Newtonian fluids 

In general, in any flow, layers move at different velocities and the fluid's viscosity arises from 
the shear stress between the layers that ultimately opposes any applied force. 

 

Figure 8: Laminar shear of fluid between two plates. Friction between the fluid and the moving 
boundaries causes the fluid to shear. The force required for this action is a measure of the fluid's 
viscosity. Bird, R.B et al. (1979) 
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Figure 9: Laminar shear, the non-constant gradient, is a result of the geometry the fluid is flowing 
through. Bird, R.B., Stewart, W.E., Lightfoot, E.N.(1979). Transport phenomena.  

Newton postulated that, for straight, parallel and uniform flow, the shear stress, τ, between 
layers is proportional to the velocity gradient, ∂v/∂y, in the direction perpendicular to the 
layers: 

y
v
∂
∂
⋅=ητ  

Here, the constant η is known as coefficient of viscosity or dynamic viscosity. Many fluids, 
such as water and most gases, satisfy Newton's criterion and are known as Newtonian fluids. 
Non-Newtonian fluids exhibit a more complicated relationship between shear stress and 
velocity gradient than simple linearity.  

The relationship between the shear stress and the velocity gradient can also be obtained by 
considering two plates closely spaced apart at a distance y, and separated by a homogeneous 
substance and is assuming that the plates are very large, with a large area A: 
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Figure 10: Velocity’s distribution whit inferior plat moving. Bird, R.B. et al.(1979) 

At t=0 the inferior plat is moving with constant velocity v; subsequently, when t>0, fluid buys 
quantity motion until you establish a profile of velocity in stationary regime. In this final 
conditions, in order to store the inferior plat’s motion, it is necessary impose a constant force 
F. The applied force is proportional to the area and velocity to the plate and inversely 
proportional to the distance between the plates. Combining these three relations results in the 
equation: 

y
v

A
F

⋅=η  

where η is the proportionality factor called the dynamic viscosity (with units Pa·s = 
kg/(m·s)).The equation can be expressed in terms of shear stress: 

y
v

A
F

⋅== ητ  

The rate of shear deformation is v / y and can be also written as a shear velocity, dv/dy. Hence, 
through this method, the relation between the shear stress and the velocity gradient can be 
obtained. 

The fluids without a constant viscosity are called Non-Newtonian fluids. Their viscosity 
cannot be described by a single number. Non-Newtonian fluids exhibit a variety of different 
correlations between shear stress and shear rate: 

Quit fluid 

Inferior plat 
moving 

Moving flow during 
transitory regimen 

Finally velocity 
distribution in 

stationary regimen 
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Figure 11: Non – Newtonian fluid’s models; comparison between Newtonian fluid and Bingham’s law. 
Modified from Bird, R.B. (1979) 

 
In particular, Bingham’s model characterizes a link between shear stress and velocity gradient 
using empirical expressions. In Bingham’s theory fluid is in quiet conditions until shear stress 
is greater than a critical value τ0, a shear stress that needs to trigger movement; when this 
value is passed, fluid moves like a Newtonian fluid (Bird, Stewart, Lightfoot; 1979):   

if 0ττ <       →           0=
dy
dv  

if 0ττ >      →      0τητ ±⋅−=
dy
dv  
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From viscosity to creep 
Some soils, although they are not fluids in the classical sense, exhibit a time dependent 
behavior that can be described using fluid properties as viscosity (Ledesma). 
A clayey soil appears to behave much more like a viscous liquid than a rigid-plastic body on 
which the classical theory is based. This viscous behavior can appear over the whole thickness 
of the mass in movement or merely in one particular stratum. In this latter case, the upper 
mass behaves somewhat like a rigid body. This stratum can be very thin indeed (e few mm), 
in which case it corresponds to a classic failure surface (Dysli, Recordon; 1989). 
Inclinometer profiles generally gives the displacement of a plastic tube sealed in a borehole 
relative to its reference position at a previous time. Repeating the recordings permits 
determination of the deflection (displacement) of any point along the tube  as a function of 
time. From these measurements weekly, monthly or yearly, velocity profiles may be deduced. 
As a consequence inclinometer profiles may be interpreted as velocity profiles. 
An analysis of these profiles reveals the presence of a shear zone, located at the base of a 
sliding block, where differential movements and thus shear strains are at a maximum. Above 
the shear zone up to the ground surface, shear strains are often very small and horizontal 
displacements essentially constant (Picarelli, Urciuoli, Russo; 2001).  
These shear zones occur at several depths and the landslide may be regarded as a set of layers 
one sliding over the other. Often this sliding can be interpreted as the limit of a pronounced 
shear deformation in a thin layer.  

 
Figure 12: Idealisation of the sliding on the base and decomposition of velocity vector into sliding and 
shearing deformations. Vulliet L et al. (1987).  

This shearing is mathematically more conventionally described as a jump in velocity. In this 
case, the velocity vector at any location of the moving soil mass may be decomposed in two 
parts: 

SB vvv +=  
where vB is the relative sliding velocity at the base and vS is the shear velocity due to the shear 
strain rates of the deforming mass. When vS is small in magnitude in comparison with vB, the 
deformation can be described as the motion of a passively body sliding over a fixed bases. 
The force exerted on the moving upper portion is effectively a viscous fluid resistance; for 
this reason it is possible to postulate:  

BB fv τ⋅−=  
where vB is the excess velocity of moving upper portion on the rigid immobile lower part, τB 
is the shear traction within the sliding surface and f a sliding coefficient (inverse of viscosity) 
which may depend on additional parameters that are related to the local physics of the sliding 
surface (Vulliet, Hutter; 1988). 
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In this way it is possible to consider creep phenomena as a viscosity force involved in 
equilibrium analysis. This is the aim of the greatest part of model that attempt to forecast 
displacement scenarios regarding creep phenomena. 


