
RIVISTA ITALIANA DI GEOTECNICA 2/2019dx.doi.org/10.19199/2019.2.0557-1405.008

Continuous and discontinuous approaches in rock 
mechanics and rock engineering

Claudio Scavia*

Summary
Rock mechanics and rock engineering numerical methods have reached a high level of complexity, which allows them to be used 

to attain in depth analyses of the mechanical behaviour of rock masses.
However, some problems can arise, regardless of which numerical method is considered, when they are used for predictive pur-

poses (forward analyses). These problems are related to the presence of natural discontinuities in the rock mass, which is the main 
factor that distinguishes rock mechanics from other engineering disciplines.

The present paper discusses the problems that arise in the determination of the initial state of stress in a rock mass. Moreover the 
choice between a continuous and a discontinuous approach to the simulation of the mechanical behaviour of a rock mass is discussed. 
Then, the continuous and the discontinuous approaches are presented. 

The conditions that lead to resorting to a continuous equivalent approach are addressed on the basis of the Representative Ele-
mentary Volume (REV) concept. The possibility of evaluating the mechanical parameters of a rock mass through both in-situ tests 
and empirical correlations is discussed.The need to determine these parameters through a back-analysis of the data measured by the 
monitoring system is shown by resorting to the example of the numerical analysis of the stability of the Rosone landslide, which is 
located in the Italian Alps.

Discontinuous methods require the knowledge of the geometrical configuration of natural discontinuities in the rock mass. In 
most cases, this means setting up a stochastic model of the discontinuities configuration in the framework of a probabilistic approach. 
Two case histories are presented, one referring to a deterministic approach and the other to a probabilistic discontinuous approach.

Finally, the results obtained from both a continuous numerical code and a discontinuous numerical one, applied to the same 
tunnel, are shown.

1. Introduction

1.1. Numerical methods in rock mechanics 

Rock engineering projects are becoming larger 
and more demanding, in terms of modeling require-
ments [JING, 2003].

A variety of numerical methods have been pro-
posed to simulate the mechanical behavior of an en-
gineered structure, whether it is located on the rock 
mass surface or within the underground rock mass, 
or whether it is for civil, mining, petroleum or en-
vironmental purposes. The existing rock mechanics 
numerical methods can be grouped as follows [HUD-
SON, 2001]: 
– pre-existing standard methods; 
– analytical methods; 
– basic numerical methods;
– extended numerical methods, that is, fully cou-

pled models. 
In the present paper, reference is only made to 

the basic numerical methods and namely to: 

Continuous methods: 
– Finite Difference Method (FDM); 
– Finite Element Method (FEM); 
– Boundary Element Method (BEM). 

Discontinuous methods: 
– Discrete Element Method (DEM); 
– Discrete Fracture Network Method (DFN). 

Hybrid continuous/discontinuous methods: 
– Hybrid FEM/BEM; 
– Hybrid DEM/BEM; 
– Hybrid FEM/DEM; 
– Other hybrid models. 

A very exhaustive review of these methods has 
been presented in JING [2003]. The developments 
and improvements in numerical methods that have 
occurred in the last few years have offered to engi-
neers several tools that can be used to understand 
the rock mass behavior and the effects of perturba-
tions introduced by engineering procedures. 

The main advances can briefly be summarized 
as follows: 
– significant improvements of traditional FEM, 

DEM and BEM techniques for rock mechanics 
problems, especially regarding fracture simula-
tions, with developments such as meshless mod-
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els, enriched FEM, the Galerkin Boundary Ele-
ment Method (GBEM) and the Finite Volume 
Method (FVM). These advancements have not 
only enriched the numerical methods them-
selves, but have also significantly improved the 
computing capability and overcome one of the 
most significant difficulties, that is, the simula-
tion of the evolution of fractures; 

– significant advances in the mapping and 
representation of fracture systems in fractured 
rocks by means of stochastic Discrete Fracture 
Network (DFN) models. These improvements 
have been developed and applied to a large va-
riety of problems, where a fluid flow is the main 
concern. Although severe limitations still exist, 
DFN has been developed from a simple generic 
study technique to a practical tool for engineer-
ing scale applications in a relatively short time; 

– significant improvements in the formulation 
of complex constitutive models, using differ-
ent mathematical platforms, such as the plastici-
ty theory, damage mechanics, contact mechan-
ics and fracture mechanics. The formulation of 
constitutive models for numerical methods has 
largely been driven by the need to character-
ize rocks and rock fractures as far as stress-de-
pendency, scale-dependency, time-dependency, 
roughness characterization, damage and degra-
dation, contacts and their evolution, strain-local-
ization, bifurcation, etc. are concerned. Each of 
these problems is a serious challenge: the com-
bination of all of these problems makes rock me-
chanics one of the most challenging fields of ap-
plied mechanics; 

– development of alternative numerical models, 
often as companions to the main-stream meth-
ods, such as the Boundary Contour Method 
(BCM), which is used together with BEM, the lat-
tice model, which is used with DEM, the perco-
lation theory to accompany DFN, etc. Although 
the roots of these alternative formulations can 
be traced back to the early 40s and 50s, their ap-
plications to the rock and soil mechanics fields 
are relatively new and they have played a signif-
icant role in computational mechanics for civil 
engineering purposes; 

– development of mathematical models and com-
puter codes for coupled Thermal-Hydro-Me-
chanical (THM) processes pertaining to frac-
tured geological media and their verification 
through small, medium and large-scale in situ 
experiments and for generic benchmark test 
problems;

– significant improvements in the numerical rep-
resentation of engineering processes, such as 
excavation sequences, grouting and reinforce-
ment. Thanks to the development of 3D numer-
ical codes, the complete stress path can be sim-

ulated during the various excavation stages. Fur-
thermore, grouting and reinforcement meas-
ures can be introduced into the analysis, as well 
as constitutive models to deal with the contacts 
between a rock and a reinforcement; 

– development of successful commercial software 
packages, such as the UDEC/3DEC/PFC DEM 
code group, the FracMan/MAFIC DFN codes, 
the FLAC-2D and 3D FDM code groups, etc., 
which can be used by both the research com-
munity and by practicing engineers. The popu-
larity of these software packages is due to their 
user-friendliness and PC-oriented operating en-
vironment. This user-friendliness is one of the 
most important factors for the wide propaga-
tion of numerical modelling in civil engineering 
fields today. 
Despite these significant advances, and regard-

less of what numerical method is adopted, many dif-
ficulties arise when these methods are used to pre-
dict the behaviour of rock structures. One reason for 
this is that the mechanical properties of a rock mass, 
as in the case of other natural geological materials, 
have to be established rather than defined during 
the manufacturing process, as in the case of artificial 
materials.

Furthermore, like soils, rock masses are basical-
ly anisotropic, inhomogeneous and non-linear mate-
rials. In addition, some specific problems may arise 
during the simulation of rock masses. These prob-
lems are related to the discontinuous character of 
rock masses, one of the features that distinguishes 
rock mechanics from soil mechanics. These issues, 
which will be addressed in this paper, mainly con-
sist of:

– the definition of the initial state of stress in the 
rock mass;

– the choice between continuous and discontinu-
ous approaches in order to take the presence of 
discontinuities into account;

– the possibility of resorting to in-situ tests to evalu-
ate of the mechanical parameters of a rock mass 
in the framework of the equivalent continuous 
approach;

– the need to resort to probabilistic methods to 
take into account the unknown geometrical con-
figuration of the discontinuities of a rock mass in 
the framework of a discontinuous approach.

– the difficulties involved in interpreting the re-
sults of a monitoring system of the displacements 
for the calibration of the mechanical parameters 
of a rock mass.
The great progress made in the numerical sim-

ulation of the mechanical behaviour of rock masses 
will be shown by resorting to a case history, that is, to 
the numerical back analysis of the failure of the Ran-
da rockslide.
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1.2. The Randa rockslide 

The Randa rockslide (Fig. 1) involved the failure 
of approximately 30·106 m3 of rock in two different 
occasions three weeks apart [EBERHARDT et al., 2002; 
2004]. 

Situated in the south-western part of Switzerland, 
10 km north of Zermatt, it involved massive gneisses 
alternating with mica-rich paragneisses (Fig. 2).

Since foliation dips unfavourably into the slope, 
SCHINDLER et al. [1993] suggested that failure had oc-
curred along shallow dipping joints parallel to the 
surface. These joints can be inferred along the slid-
ing surface, but are limited in persistence when en-
countered in surface outcrops [WILLENBERG et al., 
2002]. A series of steep sub-vertical faults were also 
hypothesised to have divided the sliding mass into 
smaller units.

Owing to the low persistence of the joints, the 
presence of rock bridges in the rock mass was con-
sidered realistic. This led to the hypothesis that the 
Randa rockslide was a complex phenomenon that 
was made up of pre-existing discontinuities and the 
creation of new ones rock bridges as a result of brit-
tle fracturing of the rock material.

New developments of hybrid/discrete element 
codes were used to deal with this problem, and these 
codes allowed both the behaviour of the rock mate-
rial and the development of fractures in the whole 
rock mass to be modelled [MUNJIZA et al., 1995]. In 
this case, the ELFEN commercial code [ROCKFIELD, 
2001] was used. This numerical code uses a FEM 
mesh to represent the rock slope or blocks delimited 
by natural discontinuities, hybridized with discrete 
elements; these elements are then used to model the 
displacements due to natural discontinuities. If the 

stresses in the rock material satisfy the failure crite-
rion, a fracture appears and propagates in the FEM 
model. If this occurs, new blocks can be added to the 
discrete element mesh.

Several progressive stages of brittle failure, which 
were obtained through the use of the ELFEM code 
on the basis of an assumed configuration of the ge-
ometry of the natural discontinuities in the rock 
mass, are reported in figure 3. The representation 
shown in figure 3 is impressive and realistic, as the 
geometrical and mechanical parameters were chosen 
in order to reproduce the granulometry of the blocks 
detected in the valley at the foot of the rockslide.

This example offers a detailed representation of 
the mechanical behaviour of the rock mass. Howev-
er, the proposed methodology could not have been 
used to predict the Randa rockslide before it had oc-
curred. This is due to a lack of knowledge of several 
parameters, such as the value of the lateral stress co-
efficient, K, and of the precise configuration of the 
natural discontinuities and rock bridges in the rock 
mass.

2. Key problems in rock mechanics and rock 
engineering numerical modelling

The lack of knowledge of some of the fundamen-
tal parameters found in the previous case study is re-
lated above all to the presence of natural discontinu-
ities in the rock mass at different scales, varying from 
millimetric to kilometric lengths (Fig. 4).

From a mechanical point of view, natural dis-
continuities in a rock mass introduce the possibility 

 Fig. 1 – The 1991 Randa rockslide in the Canton Valais in 
southern Switzerland [EBERHARDt et al., 2002].
Fig. 1 – La frana in roccia di Randa del 1991 nel Canton 
Vallese nel sud della Svizzera [EBERHARDT et al., 2002].

 Fig. 2 – Cross-section showing the geology and geometry of 
the 1991 Randa rockslide before and after the two failure 
events [EBERHARDT et al., 2002].
Fig. 2 – Sezione trasversale del crollo in roccia di Randa del 
1991: geologia e topografia del versante precedente e successiva 
ai due eventi franosi [EBERHARDT et al., 2002].
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of discontinuities developing in the displacements 
between their surfaces, in both the normal (Dn) 
and tangential (Ds) directions, as shown in figure 5 : 

 Dn = un
+ - un

- (1)

 Ds = us
+ - us

- (2)

where un
+ and us

+ are the displacements of the pos-
itive face of the discontinuity and un

- and us
- are the 

displacements of the negative face of the disconti-
nuity.

It is possible to define natural open discontinui-
ties where both Dn and Ds can develop and both the 
tangential, s, and normal, n, stresses acting on the 
surfaces have values equal to zero, as well as closed 
discontinuities, where Dn = 0, Ds ≠0, n is compres-
sive and s depends on the roughness of the surfaces.

As a result:
– the displacement and stress fields around the 

natural discontinuities are modified completely 
due to the presence of the natural discontinui-
ties themselves. Figure 6 shows, as an example, 

 Fig. 4 – Types of natural discontinuities: a) microcracks; b) joints; c) schistosity; d) faults.
Fig. 4 – Diverse tipologie di discontinuità naturale: a) microcricche; b) giunti; c) scistosità; d) faglie.

 Fig. 3 – Finite-discrete element rockslide hybrid analysis showing several progressive stages of brittle failure [EBERHARDT et al., 
2002].
Fig. 3 – Analisi del crollo in roccia con il metodo degli elementi finite-discreti che mostra le diverse fasi di rottura fragile con propagazione 
delle fratture [EBERHARDT et al., 2002].

a)

c)

b) d)
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the effect of the presence of an open discontinu-
ity in a body subjected to a pre-existing compres-
sive and isotropic state of stress;

– the strength and deformability of the rock mass 
are affected to a great extent by the geometric 
and mechanical characteristics of the natural dis-
continuities. For example, if the discontinuities 
are favorably oriented, the rock mass can behave 
mechanically like a building material. This is the 

case of the Al Khazneh temple in Petra (Fig. 7). 
On the other hand, when the natural disconti-
nuities are unfavorably oriented and persistent, 
a landslide can occur along the discontinuities. 
This is the case of the Val Pola 30 Ml m3 land-
slide shown in figure 8. 

 Fig. 5 – Normal and tangential displacements of the posi-
tive (un

+, us
+) and negative (un

-, us
-) sides of a natural di-

scontinuity. Normal, Dn, and tangential, Ds, displacement 
discontinuities are also shown. 
Fig. 5 – Spostamenti normali e tangenziali lungo il lato positivo 
(un

+, us
+) e negativo (un

-, us
-) di una discontinuità naturale. 

Nella figura è anche illustrata la discontinuità di spostamento 
normale, Dn, e tangenziale, Ds.

 Fig. 7 – The Al Khazneh temple in Petra (Jordan). 
Fig. 7 – Tempio di Al Khazneh a Petra (Giordania).

Fig. 8 – The Val Pola landslide (1987, Italy). The de-
tachment niche is delimited by three large natural discon-
tinuities. 
Fig. 8 – Frana della Val Pola (1987, Italia). La nicchia di 
distacco è delimitata da tre discontinuità naturali.

 Fig. 6 – Stress field around a natural open discontinuity 
subjected to a compressive and isotropic state of stress. 
The value and direction of the principal stresses are shown 
in plane strain conditions [HUDSON and HARRISON, 2005]. 
Fig. 6 – Stato tensionale in prossimità di una discontinuità 
naturale sottoposta ad uno stato tensionale isotropo di 
compressione [HUDSON and HARRISON, 2005]. Il valore e la 
direzione delle tensioni principali è rappresentato in condizioni 
di deformazione piana. 
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Two problems, which are closely linked to the 
above considerations, arise in the application of nu-
merical methods used to forecast the mechanical be-
haviour of rock structures (underground and sur-
face excavations, natural slopes):
– the difficulty of defining and determining the in-

itial in-situ state of stress of a rock mass;
– the need to take into account the presence of 

natural discontinuities in the model, and the 
consequent choice that has to be made between 
discontinuous and continuous approaches.

2.1. Initial state of stress

The initial state of stress in soil mechanics is 
evaluated considering the vertical and the horizon-
tal stresses as the principal stresses. The key param-
eter is the coefficient of lateral stress at rest, K0, 
which links the vertical and the horizontal stress 
in geostatic conditions. K0 can be determined em-
pirically on the basis of the friction angle and the 
over consolidation ratio (OCR) of the soil, which 
in turn can be obtained by resorting to an oedo-
metric laboratory test or to in situ tests. 

Geostatic conditions seldom apply in Rock Me-
chanics and reference is made to the coefficient of 
lateral stress, K. K cannot be obtained on the basis of 
the results of laboratory tests, since the structure of a 
rock specimen is not able to retain the memory of the 
maximum effective vertical stress undergone over its 
life. Hence, resorting to in situ tests is necessary.

The tests recommended by ISRM to determine 
the initial stress state in a rock mass [KIM and FRANKIN, 
1987] are: 

– the flat jack test;
– the hydraulic fracturing test;
– the United States Bureau of Mines (USBM) over 

coring torpedo;
– the Commonwealth Scientific and Industri-

al Research Organization (CSIRO) over coring 
gauge.
Whatever type of test is adopted, a problem aris-

es because the initial state of stress is affected by the 
presence of the natural discontinuities. This modi-
fies the simple variation in the stresses assumed in 
soil mechanics, which considers that the vertical and 
horizontal stresses are the same in all the points lo-
cated at the same depth. 

In order to show the importance of this problem, 
a series of measurements of stress states, reported in 
the scientific literature and performed by means of 
the hydro fracturing technique and the CSIRO over 
coring gauge, are shown in table I.

The vertical stress in hydraulic fracturation tests 
is assumed to be one of the principal stress, and to 
be equal to the product of the depth of the point 
and the specific weight of the rock mass. The oth-
er two principal stresses are horizontal. The horizon-
tal maximum principal stress, H, and the horizontal 
minimum principal stress, h, which are measured 
at different points but at the same depth in the rock 
mass, are considered in the present paper.

For the sake of simplicity, stress orientations have 
not been considered. The intensity values of h have 
been compared, as have the intensity values of H. 
The Rh ratio between the highest measured value of 
h and the lowest value of h has then been evaluated 
for each subarea. The RH ratio has been computed 
(Tab. I) in the same way.

SITE SUBAREA N° TESTS Rh RH

Xinjiang Uygur                        
China

[ZHAO et al., 2015]

Yamansu 39 1.88 2.77

Tianhu 33 2.55 2.43

Aqishan 71 3.00 4.38

Tibet – Qinghai Yangtze 
– Yellow River 

China
[LIU et al., 2014]

Dam 30 2.60 1.88

Tunnel 91 1.88 2.00

Gansu – China
[ZHAO et al., 2013]

Baishan 124 2.00 2.53

Iwate – Japan
[HAYASHI and SATO, 1997]

Kamaishi 4 1.42 -

CSIRO Cells _ 3D HI -Cell

SITE SUBAREA N° TESTS R3 R2 R1

Carrara – Italy
[FERRERO et al., 2013]

Fantiscritti 9 11.25 6.23 2.01

 Tab. I – Spread of the measured values of in situ stresses in several sites (for explanation of the symbols reference can be 
made to the text).
Tab. I – Variabilità dei valori di tensione misurati in diversi siti (i simboli riportati in tabella sono definiti nel testo).
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The data reported in table I show that the Rh 
and RH ratios are very far from the value that should 
be found in homogeneous rock masses with no natu-
ral discontinuities, that is, of about one. This is con-
firmed by the results obtained through the CSIRO 
technique pertaining to the R1,R2 and R3 ratios 
computed for the three principal stresses. Because 
of the extremely high spread of the measured val-
ues, no reliable information about the in situ state 
of stress can be obtained from the tests. These exam-
ples, though referring to a limited number of rock 
masses, support the theoretical consideration that, 
in many cases, it is not possible to find a single value 
of K to use as input data in the numerical simulation 
of the mechanical behavior of rock structures.

However, when a numerical model is set up, a 
single value of K is needed to define the boundary 
conditions of the model itself. On the basis of the 
above considerations, this fictitious value of K cannot 
be considered as a datum of the problem, but must 
be computed through a back-analysis of the displace-
ments measured during, for instance, the excavation 
of a tunnel or the monitoring of a slope.

2.2. Continuous versus discontinuous approach

A decision that has to be made before the setting 
up of any numerical model is how to take into ac-
count the presence of natural discontinuities in the 
rock mass, that is, to decide whether a discontinuous 
or a continuous approach should be followed. 

In a discontinuous approach, the most repre-
sentative natural discontinuities are explicitly taken 
into account, along with their mechanical and ge-
ometric characteristics, thus allowing displacement 
discontinuities to occur in the rock mass.

Instead, if it is possible to perform a homoge-
nization process of the rock mass, reference can be 
made to a continuum equivalent medium with me-
chanical characteristics that globally take into ac-
count the presence of natural discontinuities in the 
rock mass.

In a discontinuous approach, only the main sys-
tems of natural discontinuities are usually explicitly 
taken into account; this is obtained by substituting 
the portions of the rock mass containing the remain-
ing discontinuities with an equivalent continuous 
medium. This procedure is always followed when the 
portions of the rock mass that only contain microc-
racks are substituted with an equivalent continuum, 
which is called “rock material” or “rock matrix” (the 
term “intact material” seems misleading).

Resorting to a discontinuous model is always pos-
sible from a conceptual point of view. However, from 
a practical point of view, the maximum number of 
natural discontinuities that can be incorporated in 
the numerical model constitutes a limit. 

Resorting to a continuum equivalent model is 
more problematic and requires the introduction of 
the Representative Elementary Volume (REV) con-
cept. REV can be defined as the smallest volume that 
contains the natural discontinuities for which the 
mechanical parameters (for instance the deform-
ability modulus) of the rock mass, considered as a 
continuum equivalent medium, do not vary to any 
great extend when larger rock volumes than the REV 
are considered. Therefore, the size of the REV de-
pends on the spacing and on the size of the natural 
discontinuities (it increases as their spacing and size 
increase).

The homogenization process and, therefore, 
the passage to equivalent continuum models, is only 
admissible if it concerns parts of the rock mass that 
have equal or larger volumes than the REV. 

Furthermore, when the simulation of the me-
chanical behaviour of a rock structure (under-
ground or surface excavations, natural slopes) is 
considered, the continuum equivalent approach can 
only be adopted if the REV of the rock mass is small, 
with respect to the dimension of the rock structure 
(Fig. 9). It should be pointed out that, to the best of 
the author’s knowledge, no quantitative definition 
of “small” exists.

If the homogenization process is made on small-
er volumes than the REV, a variation in the mechani-
cal parameters of the rock mass considered as a con-
tinuum emerges as a function of the volume size. 
Furthermore, a large spread of the mechanical pa-
rameters can be expected for the same volume size. 
This can easily be seen by considering, for example, 
the numerical stochastic study carried out by CASTEL-
LI et al. [2003].

In that paper, the deformability modulus E of 
the rock mass was determined by means of a nu-
merical simulation through the BEMCOM code 
[SCAVIA, 1995], which is based on the Displacement 
Discontinuity Method (DDM) [CROUCH and STAR-
FIELD, 1983], and involves a series of plane strain 
compressive tests on rock volumes of different siz-
es. The rock volumes contained a set of open natu-
ral discontinuities which had the same density and 
length (Fig. 10). Compressive tests were numerical-
ly simulated on specimens containing different ge-
ometrical configurations of natural discontinuities 
for each volume size. These configurations were ob-
tained through the Monte Carlo technique, on the 
basis of the same uniform statistical distributions of 
the discontinuity dips.

Figure 11 shows the range of variability of the 
computed deformability modulus E for each volume 
size, which decreases as the volume size increases. 
The minimum volume size for which the spread is 
reasonably negligible and the E values do not vary 
as the volume size increases can be considered to be 
the REV of the rock mass. 
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3. Equivalent continuum approach

In the equivalent continuum approach, the me-
chanical parameters of a rock mass should be deter-
mined experimentally on specimens that have vol-
umes that are at least equal to the REV. This is always 
possible in the laboratory for a rock material speci-
men which, containing only microcracks, has a small 
REV compared to the specimen size. On the contra-
ry, it is not practically possible to perform laborato-
ry tests on rock mass specimens that are as large as 
the REV. 

Hence, in order to estimate the mechanical pa-
rameters of a rock mass it is necessary to resort to in 

situ tests and to empirical correlations with the clas-
sification indices of the rock mass.

3.1. In situ tests

If, for instance, the determination of the deform-
ability modulus E of the rock mass is considered, the 
most frequently used in situ test types are the dilatome-
ter, the flat jack and the plate load tests. An estimation 
of the values of rock mass volumes involved in the afore-
mentioned tests is reported in table II [BARLA, 1974].

The values of the volumes reported in table II 
are seldom equal or larger than the REV of real rock 

 Fig. 9 – Qualitative criterion to assess the possibility of resorting to a continuous equivalent approach in rock structure (tun-
nel) numerical simulations. 
Fig. 9 – Criterio qualitativo per valutare la possibilità di ricorrere all’approccio del continuo equivalente per effettuare una modellazione 
numerica di una struttura in roccia (galleria).

 Fig. 10 – Generation of specimens of different volumes containing open discontinuities [CASTELLI et al., 2003] 
Fig. 10 – Generazione di campioni di volume differente contenenti discontinuità aperte [CASTELLI et al., 2003]
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masses. As a result, a great variation in E is found 
when in situ tests are carried out at different points 
of the same rock mass. This could be exemplified 
through a simple numerical simulation. In this simu-
lation, six plate load tests are numerically carried out 
through the PHASE Finite Element Method code 
[ROCSCIENCE, 2007] in 6 positions close to each other 
in the rock mass, not far from a natural discontinu-
ity (Fig. 12a). Since the volume, V, of the rock mass 
involved in the tests is small compared to the REV of 
the rock mass, only one natural discontinuity is con-
sidered in the volume itself.

Both the natural discontinuity and the rock ma-
terial are assumed to follow the linear elastic consti-
tutive law. The tangential shear stiffness, Ks, of the 
discontinuity is set equal to 1000 MPa/m and the 
deformability modulus of the rock material Em is set 

equal to 20000 MPa. Both values have been consid-
ered to be realistic for a rock mass. The values of the 
ratio between the computed rock mass deformability 
modulus, E, and Em are shown in figure 12b. 

The results show a very large variability of the 
computed modulus ratio E/Em, which varies accord-
ing to the position of the simulated test with respect 
to the natural discontinuity. If the REV had been 
equal or less than the volume involved in the test, 
a sufficient number of natural discontinuities would 
have been involved in the computation. This would 
have made the effect of the test locations negligible. 
However, this is not the case when in-situ tests are 
considered.

What has been observed for the deformabil-
ity modulus applies a fortiori when the rock mass 
strength parameters are considered. This is because 
the volumes involved in the tests used to evaluate 
the strength parameters are even smaller than those 
of the tests used to evaluate the deformability mod-
ulus.

In conclusion, it can be said that in many cases, 
unlike what occurs for soils, the mechanical parame-
ters of a rock mass, when a continuum equivalent ap-
proach is used, cannot be obtained reliably through 
in situ tests. This is due to the great dimension of the 
REV of the rock masses and the limited possibility of 
applying large loads in order to involve large rock 
mass volumes in the tests.

 Fig. 11 – Variation in the ratio between the computed de-
formability modulus (E) and the rock material modulus 
(Em) as a function of the rock specimen size, L. The ran-
ge of variability of E is also shown for each size [CASTELLI 
et al., 2003].
Fig. 11 – Variazione del rapporto tra il modulo di deformabilità 
calcolato (E) e il modulo di deformabilità del materiale roccioso 
(Em) in funzione della dimensione del campione, L. L’intervallo 
di variazione del modulo E è rappresentato per ciascun campione 
analizzato [CASTELLI et al., 2003].

 Tab. II –Estimation of the rock volume involved in in-situ 
tests (modified after BARLA, 1976).
Tab. II – Stima del volume roccioso interessato dalle prove in sito 
(BARLA, 1976, modificato).

 Fig. 12 – a) plate load tests; b) ratios between rock mass deformability modulus, E, and rock material modulus Em.
Fig. 12 – a) prova di carico su piastra; b) rapporto tra il modulo di deformabilità dell’ammasso roccioso, E, e quello del materiale 
roccioso Em.

TYPE OF TEST
VOLUME 

INVOLVED [m3]

Dilatometer 0.1

 Flat jack 2

 Plate load test 4 - 20

a) b)
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3.2. Empirical correlations with the classification indices 
of the rock mass

A classification system aims at characterizing 
a rock mass in a continuum equivalent approach 
framework according to the value of an index. This 
index is computed in a semi-quantitative way on a 
rock mass volume that is at least equal to the REV 
on the basis of the scores attributed to some param-
eters of the rock mass, such as certain geometrical 
and mechanical characteristics of the natural discon-
tinuities.

Several classification systems have been pro-
posed. In this paper, reference is only made to the 
following systems:
– Rock Mass Rating (RMR) [BIENIAWSKI, 1973];
– Tunnel Quality Index (Q) [BARTON, 1974];
– Geological Strength Index (GSI) [HOEK, 1994 

and HOEK et al., 1995]. A rock mass damage in-
dex, D, is also proposed in combination with 
GSI;

– Rock Quality Designation (RQD) [DEERE, 1963].

These systems have empirically been correlat-
ed to the deformability and strength parameters of 
the rock mass in a continuum equivalent framework 
approach. For example, the main correlations pro-
posed for the estimation of the deformability modu-
lus of the rock mass EM are listed in table III [FERRE-
RO et al. 2004]. 

This great number of correlations probably de-
pends on the their empirical nature. For this rea-
son, these correlations depend to a great extent on 
the type of rock mass considered to obtain the da-
ta required for their formulation. Furthermore, it is 
worth pointing out that there is a high degree of sub-
jectivity in the choice of the parameters involved in 
both the definition and estimation of these indices. 
All these considerations lead to the conclusion that 
correlations can only be used to obtain a rough in-
dication of the value of the mechanical rock mass 
parameter needed for the design of a rock structure 
before a monitoring system is set up. Therefore, it 
is essential that the values of the mechanical param-
eters of the rock mass are calibrated through a nu-

 Tab. III – List of the main empirical correlations proposed to link the deformability modulus EM of the rock mass to certain 
quality indices (modified after FERRERo et al., 2004).
Tab. III – Elenco delle principali correlazioni empiriche che collegano il modulo di deformabilità dell’ammasso roccioso EM ad alcuni indici 
di qualità (FERRERO et al., 2004 modificato).
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merical back-analysis of the displacements measured 
by the monitoring system. However, this calibration 
can be problematic, because the measured displace-
ments can be numerically reproduced by varying sev-
eral unknown parameters, such as the coefficient of 
lateral stress, K.

3.3. Numerical analysis of the Rosone landslide

A numerical study of the Rosone landslide [CAS-
TELLI et al., 2003; PISANI et al., 2010] is briefly report-
ed in this paper. This study represents an exemplifi-
cation of the procedure that can be followed when a 
rock structure is investigated for predictive purposes 
in a continuum mechanic framework.

The Rosone landslide (Fig. 13) is located on the 
Italian side of the Western Alps, between the Orco 
and Piantonetto rivers (Fig. 14).

It has long been affected by recurrent instabil-
ity phenomena, due to a slow deep-seated gravita-
tional deformation (DSGSD) process [RAMASCO et al., 
1989].

The gravitational deformation is located in 
the metamorphic rock of the Gran Paradiso Mas-
sif; it involves an area of 5.5 km2, ranging from 
700 to 2000 m a.s.l. and reaches great depths (up 
to 40 m).

Some geomorphological evidence and field in-
vestigations [REGIONE PIEMONTE and UNIVERSITÉ J. FOU-
RIER, 1996] have made it possible to recognize the 
eastern sector of the gravitational deformation (the 
Bertodasco sector, see figure 15) as being the most 
likely to undergo a catastrophic evolution. At pres-
ent, this sector can be considered active.

Two important inhabited zones are located 
around the Bertodasco sector (Fig. 15) : the village 
of Rosone Nuovo (built after the evacuation of Ber-
todasco and Rosone in 1957) and the Turin Electric-
ity Agency (AEM, now IREM) 99 MWh hydroelectric 
power plant. The water, drawn from the Ceresole 
Reale dam lake (Fig. 14), reaches some pools, 
through a 17 km long gallery tank, and falls towards 
the power plant inside a penstock, which covers al-
most the entire length of the landslide, with a drop 
of 813 m (Fig. 15). The landslide also involves the 
N 460 National Road from Turin to Ceresole Reale, 
which runs along the bottom of the valley.

Owing to the presence of several elements 
at risk, the Rosone landslide has been investigat-
ed regularly since 1929, when the power plant fa-
cilities were constructed. Moreover, an automat-
ic monitoring system was installed in 2000. Dur-
ing the last century, the landslide constantly and 
very slowly continued to move in the Bertodasco 
sector, with some accelerations being recorded af-
ter heavy rainfalls (e.g. in the early 18th century, in 
1953 and in 2002).

3.3.1. HYDROGEOLOGICAL AND HYDROMECHANICAL MODEL

Systematic investigations and geomechanical 
and hydrogeological studies have been conducted 
on the entire rock mass involved in the gravitation-
al deformation since 1985, with special attention to 
the Bertodasco sector [FORLATI et al., 1991; REGIONE 
PIEMONTE and UNIVERSITÉ J. FOURIER, 1996; BONNARD 
et al., 2004; CAREGGIO, 2006; PISANI et al., 2009; PISANI 
et al., 2010]:

 Fig. 13 – The Rosone landslide [RAMASCO et al., 1989].
Fig. 13 – La frana di Rosone [RAMASCO et al., 1989].

 Fig. 14 – Location of the Rosone landslide, Orco Valley 
(Italy) [CASTELLI et al., 2003].
Fig. 14 – Ubicazione della frana di Rosone, Valle Orco (Italia) 
[CASTELLI et al., 2003].
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a. geological and geomorphological analyses at 
both the valley and the slope scales;

b. surface investigations to characterize the rock 
mass and the main discontinuity system;

c. geophysical investigations (seismic profiles);
d. in-depth investigations with reference to bore-

holes drilled with continuous coring to a depth 
of 120 m, subsequently equipped with piezome-
ters and inclinometers to measure pore pressure 
and deep seated displacements;

e. laboratory tests to geomechanically characterize 
the cores, examining both the discontinuity sur-
faces (schistosity) and the cored material;

f. hydraulic investigations with reference to spring 
discharge measurements, the water balance and 
chemical analyses.
Moreover, an integrated monitoring system, with 

automatic data recording, was installed in 2000 to 
monitor the displacements around the Bertodasco 
sector. The system includes:

Fig. 15 – Sketch of the area affected by DSGSD [modified from REGIONE PIEMONTE and UNIVERSITÉ J. FOURIER, 1996].
Fig. 15 – Rappresentazione schematica dell’area interessata dalla frana [REGIONE PIEMONTE and UNIVERSITÉ J. FOURIER, 1996].

Fig. 16 – Morpho-structural map of the Bertodasco sector [CASTELLI et al., 2003].
Fig. 16 – Carta morfostrutturale del settore di Bertodasco [CASTELLI et al., 2003].
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– a topographic network to measure superficial 
displacements;

– a geomechanical network to measure superficial 
and deep deformations and the water pressure 
inside the rock mass;

– a hydro-meteorological network to measure the 
temperature, humidity, rain and snow.
From the results of the above investigations, it 

was possible to draw a morpho-structural map of the 
Bertodasco sector. This map includes the main frac-
tures, the location of the inclinometers, piezometers 
and seismic lines and the measured displacement 
vectors (Fig. 16).

As can be observed in figure 16. the Bertodasco 
sector can be divided into three different zones: A, 
B and C.

Zone A includes the upper part of the sector, 
where the slope movements and the related mor-
phological evidence have been poorly defined. 
Although disrupted, this zone still preserves its 
original structural features, with minor transla-
tional movements. Zone B is delimited by a series 
of prominent curved scarps, sub-parallel to the 
main joint system. The geometry of these scarps 
is well defined and straight, and corresponds to 
a 3-4 m downhill movement. Zone C, which has 
been affected by major gravitational movements, 
is extremely heterogeneous and consists of het-

erometric disaggregated rock blocks. The upper 
part of zone C is affected by active movements 
along many concave and subparallel scarps. This 
has determined an abrupt change in the slope 
morphology. The lower part of zone C is instead 
affected by rock and debris flows, which have par-
tially destroyed the N 460 National Road and led 
to the construction of a rockfall protection tun-
nel (Fig. 15). Zone C undergoes the largest dis-
placements measured in the three zones (around 
20 mm/year). Only the stability of zone C will be 
considered in this paper.

It was also possible to set up a geotechnical mod-
el of the landslide (see the cross section shown in 
Fig. 17).

Starting from the surface, a completely disrupt-
ed and chaotic rock mass zone was found (Fig. 18), 
on average 40 m thick and delimited in the lower 
part by a shear band. 

The shear band was on average 2 m thick and 
was made up of sand, silt and clay. A well-structured 
rock mass was found under the shear band. This sug-
gested that the chaotic mass could slide on the shear 
band. As the shear band had a much lower permea-
bility than the chaotic rock mass, it was assumed that 
it could be the impervious base of an aquifer that ex-
isted in the chaotic rock mass. The variation in the 
level of this aquifer, due to rainfall events, was con-

 Fig. 17 – Cross section of the Rosone landslide (M-M section in Fig. 16) and location of the inclinometers, piezometers and 
springs. The shape and position of the failure zone (i.e. the shallow shear band) were derived from inclinometric measure-
ments [CASTELLI et al., 2003]. 
Fig. 17 – Sezione trasversale della frana di Rosone (sezione M-M riportata in Fig. 16) e ubicazione degli inclinometri, dei piezometri e 
della falda. La forma e la posizione della superficie di scorrimento sono state ottenute da misure inclinometriche [CASTELLI et al., 2003].
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sidered to be the triggering factor of the slope move-
ments and of a potential slope failure.

3.3.2. NUMERICAL ANALYSES

A numerical procedure was set up to quantita-
tively link the intensity and duration of the rainfall 
events to the degree of stability of sector C of the 
landslide. First, it was necessary to choose between 

a continuum equivalent approach and a discontinu-
ous one before setting up the numerical procedure. 

Resorting to a discontinuous approach was not 
possible, due to the extremely high number of natu-
ral discontinuities involved in the rock mass (Fig. 18). 

However, the size and spacing of the natural dis-
continuities suggested that the REV of the rock mass 
was smaller than the representative dimension (its 
thickness) of the moving rock mass, that is, on aver-
age equal to 40 m. Hence, it seemed admissible to 
resort to a continuum equivalent approach for both 
the mechanical and the hydraulic aspects.

The numerical procedure consists of two parts. 
In the first part, seepage analyses are carried out 
to evaluate the variations in time of the pore pres-
sure in the moving rock volume, due to the rainfall 
events. In the second part, the evolution of the de-
gree of safety of the moving mass in time is assessed 
as a function of the variations in the pore pressure 
evaluated in the first part.

The seepage in the rock mass, considered as 
a continuum equivalent medium, was simulat-
ed through the Finite Difference computer code 
FLAC3D [ITASCA CONSULTING GROUP, 2002]. This code 
allows a water flux in an unsaturated porous medium 
to be studied, by assuming that the value of the un-
saturated hydraulic conductivity, k(s), is a function 
of the saturation degree, S:

 k(s) (3-2S )S K= sat
2  (3)

where ksat is the saturated hydraulic conductivity.
The equivalent porosity, n, is the other param-

eter that was involved in the seepage analysis. The 

 Fig. 18 – Rosone landslide (sector C).
Fig. 18 – La frana di Rosone (settore C).

 Fig. 19 – Comparison between the measured and computed pore pressure at piezometer B1bis, varying the saturated hydrau-
lic conductivity (m/s): assumed porosity of 6% [CASTELLI et al., 2003].
Fig. 19 – Confronto tra la pressione interstiziale calcolata e quella misurata in corrispondenza del piezometro B1bis, al variare della 
conduttività idraulica (m/s) per una porosità del 6% [CASTELLI et al., 2003].



RIVISTA ITALIANA DI GEOTECNICA

22 SCAVIA

values of ksat and n could not be experimentally de-
termined in the framework of the continuum equiv-
alent approach. Hence, it was necessary to resort to a 
back-analysis of the water pressures measured by the 
piezometers as a function of the variation of the rain 
intensity in time.

The period of time between 1st May and 13th May 
2002 was considered since, due to heavy rain, a sig-
nificant variation in the water pressure and displace-
ments was recorded in those days. The variations in 
the water pressures measured at the two piezometers 
located in the C zone and the corresponding varia-
tions in the values computed for different ksat were 
compared. Figure 19 shows the comparison made 
for piezometer B1bis. 

A value of ksat equal to 3·10-4 m/s was obtained 
from the back-analysis, when a tentative value of po-
rosity, n, equal to 6% was assumed. 

The water table profile obtained on the basis of 
the back-analysed values of kS and n was then used 
as input for the Limit Equilibrium code CLARA-W 
[HUNGR, 2001]. The safety factor of the volume of 
the rock mass between the surface and the shear 
band was evaluated by assuming that the rock mass 
could slide along the shear band.

It was necessary to resort to a Limit Equilibrium 
Method due to the possibility of reducing the assess-
ment of the mechanical parameters of the rock mass 
to only the friction angle of the shear band.

The friction angle of the 2 m thick shear band 
could not be evaluated experimentally, due to the 

great heterogeneity of the material and the impos-
sibility of extracting an undisturbed and represent-
ative sample. 

Hence, it was necessary to resort to a back-anal-
ysis. However, a failure condition (safety factor F 
equal to 1) has never occurred in this landslide (ob-
viously) or in any other similar landslide. Neverthe-
less, it was possible to consider what happened on 
the 6th of May, 2002 as a situation that was very close 
to the Limit Equilibrium (F=1). That day, following a 
series of very heavy rainfall, several new vertical frac-
tures appeared in the rock mass. Furthermore, very 
large displacements were measured in several posi-
tions in the landslide body. 

The variation in the safety factor computed us-
ing the CLARA-W code, assuming different friction 
angle values, is shown in figure 20. The 1st - 26th of 
May 2002 period was considered.

It is possible to observe that a safety factor around 
1 is obtained for the 6th of May 2002, if a friction an-
gle of 36° is assumed. 

Once the hydraulic and mechanical parameters 
have been evaluated, it is possible to numerically 
forecast the occurrence of critical stability levels for 
sector C, on the basis of the meteorological forecast 
for the area.

This example shows that the main problem with 
the equivalent continuum approach is the evalu-
ation of the hydro-mechanical parameters of the 
rock mass. These parameters can be evaluated by re-
sorting to a back-analysis. However, to carry out the 

 Fig. 20 - Sensitivity analysis for the definition of the friction angle of the sliding surface. The fluctuations of the safety factor 
for the calibrated value ϕ’=36°come close to the limit conditions (F=1) [CASTELLI et al., 2003].
Fig. 20 – Analisi di sensitività per la definizione dell’angolo di attrito della superficie di scorrimento. Per ’=36° la variazione del fattore 
di sicurezza si avvicina al valore limite (F=1) senza superarlo [CASTELLI et al., 2003].
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back-analysis a suitable set of measured data needs to 
be available. A weak point of this example is that wa-
ter pressure data are only provided continuously in 
two piezometers in zone C.

4. Discontinuous approach

The mechanical and geometrical characteristics 
of natural discontinuities are explicitly taken into ac-
count in numerical methods in the framework of a 
discontinuous approach.

The mechanical characteristics of natural dis-
continuities depend to a great extent on the rough-
ness of the surfaces in contact. As a result of the frac-
tal self-affine geometry of these surfaces, asperities 
of different shapes and sizes play a role in the defini-
tion of the shear behaviour of the surfaces at differ-
ent scales. This points to a clear scale effect on the 
shear resistance. As a consequence, results obtained 
through direct shear laboratory tests cannot be ap-
plied directly to large in-situ discontinuities. To the 
best of the author’s knowledge, no rational scaling 
laws, based on the self-affine fractal nature of the dis-
continuity surfaces, have been proposed.

For practical purposes, the empirical procedure 
proposed by BARTON and BANDIS [1982] to determine 
that the peak in situ friction angle, p_situ, can be 
used:

 JRC
'

log[ [= +p_situ situ
n

JCSsitu
10ϕ rϕ σ  (4)

where:
r is the residual friction angle that can be ob-

tained in direct shear tests in the laboratory;
'n is the level of effective normal stress acting on 

the in-situ discontinuity;
JRCsitu and JCSsitu are the in situ Joint Roughness 

Coefficient and the Joint Compressive Strength ob-
tained from the BARTON and BANDIS [1982] empirical 
scaling law:

 JRC =situ JRClab
L 0.02 JRC lab-

situ

Llab
 (5)

 JCS =situ JCSlab
L 0.03 JRC lab-

situ

Llab
 (6)

where L is the considered length of the discontinui-
ty, the subscript “situ” refers to quantities measured 
on the site and “lab” refers to quantities measured 
on 10 cm large laboratory specimens.

In order to better understand and define the 
waviness and roughness of discontinuities at differ-
ent scales, laser-scanner and/or photogrammetric 
survey methods can be applied for the direct detec-
tion of the morphology of entire outcropping dis-
continuity surfaces at both the site and laborato-
ry scale. An analysis of the obtained digital surface 

models (DSM) allows the geometric roughness de-
scriptors (Rp, Z2, SF, c and θ), correlated to JRC val-
ues by empirical formulas proposed in the technical 
literature [TSE and CRUDEN, 1979; YANG et al. 2001; 
TATONE and GRASSELLI , 2010; LI AND ZHANG, 2015], to 
be defined. The application of these procedures al-
lows the roughness to be analysed at different scales 
(site, block, laboratory) as well as its variability and 
the anisotropy characteristic of natural surfaces to 
be defined.

The main problem that arises in the discontin-
uous approach concerns the knowledge of the ge-
ometrical configuration of the discontinuities inside 
a rock mass, including the location of rock bridges. 
An analysis of the stability conditions of a rock mass 
requires the reconstruction of a geometrical discon-
tinuous synthetic 2D or 3D model that is representa-
tive of the on- site conditions. This process is charac-
terized by two main phases: 
– the systematic survey of discontinuities conduct-

ed on a representative element volume (REV) to 
define the statistical variability of the geometri-
cal characteristics of natural discontinuities (ori-
entation, spacing, persistence, etc.);

–  the synthetic reconstruction of the rock mass to 
create a discontinuous model that is represent-
ative of the site conditions and useful for subse-
quent numerical analysis.
As far as the geostructural survey of rock masses 

is concerned, no-contact procedures, based on la-
ser scanner or photogrammetric surveys, have been 
developed (see, for instance, FERRERO et al., 2009). 
Through the use of purposely developed software, 
the geometric data of discontinuities (orienta-
tions, positions, spacing and persistence) can be 
determined directly by analysing the point cloud 
that represents the surface morphology of the out-
cropping rock mass and, therefore, of the emerg-
ing discontinuities. This approach has been vali-
dated and consolidated over the last few decades 
under several different survey conditions (terres-
trial and aerial by helicopter and drone) and dif-
ferent environmental conditions (natural and arti-
ficial slopes, high mountains or underground sites, 
etc.). It allows an accurate geostructural survey to 
be obtained, even in the case of inaccessible or very 
extensive rocky slopes, and a large amount of dis-
continuity data that are useful for a robust statisti-
cal analysis to be collected; this leads to the defi-
nition of the statistical variation of the shapes and 
volumes of rock blocks that characterize the on-site 
conditions and to the evaluation of the kinematic 
possibility of different failure mechanisms. In this 
case, the 2D or 3D geometrical reconstruction of 
the geometrical configuration can be carried out 
with either a deterministic or stochastic approach 
(Resoblock, FracMan codes), depending on the 
surveyed data.
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Resorting to stochastic models is unavoidable, 
except for some simple geometries of the natural 
discontinuities where a deterministic configuration 
of the discontinuities can be worked out. This means 
that, in many cases, the stability of rock structures 
has to be assessed in a probabilistic framework when 
a discontinuous approach is adopted. 

When the configuration of the discontinuities 
is obtained deterministically, advanced numerical 
methods can be used to simulate the behaviour of 
the rock mass. This is the case, for instance, of the 
Ranc rock fall, where a back-analysis of the observed 
instability phenomenon was made through a rock 
fracture mechanics approach.

4.1. The Ranc rock fall [CASTELLI et al., 2007]

The Ranc site (Fig. 21) is located in the Vercours 
massif near Grenoble, France.

A rock fall of about 2000 m3 occurred on Janu-
ary 30th, 2004 on the D531 road (Fig. 22), causing 
two casualties.

After the rock fall, the geometric configuration 
of the discontinuities in the rock mass (mostly lime-
stone) became very evident. Three discontinuity 
planes, that is, A (sliding surface), B (upper surface) 
and C (lateral surface), were involved in the forma-
tion of the detachment niche (Fig. 23).

Because of the presence of water percolation, it 
was easy to detect rock bridges that had been present 
on sliding plane A before the rock fall occurred. The 
identification of the rock bridges was possible thanks 
to the detection of parts of surface A that showed a 
different colour, thus denoting that no percolation 
of water had taken place before the instability oc-
curred (Fig. 24). 

The total extension of the rock bridges was 
found to be around 5% of the total area of plane 

A. These rock bridges were located discontinuously 
in a band situated in the lower part of plane A (Fig. 
24). The values of the mechanical parameters deter-
mined for both the rock material and sliding discon-
tinuity plane A are reported in table IV. 

A back-analysis of the rock fall was carried out 
using the BEMCOM computer code [SCAVIA, 1995], 
which is based on the Displacement Discontinuity 
Method (DDM) [CROUCH and STARFIELD, 1983]. This 
code allows the propagation of natural discontinui-

 Fig. 22 – Location of the Ranc site [modified after CASTEL-
LI et al., 2007].
Fig. 22 – Ubicazione del crollo in roccia di Ranc [CASTELLI et al., 
2007, modificato].

Fig. 21 – The Ranc rock fall [CASTELLI et al., 2007]. 
Fig. 21 – Il crollo in roccia di Ranc [CASTELLI et al., 2007].

 Fig. 23 – Discontinuityplanes A, B and C [CASTELLI et al., 
2007].
Fig. 23 – Piani di discontinuità A, B e C [CASTELLI et al., 
2007].
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ties within a rock mass to be simulated. The geome-
try of the failed rock volume was reconstructed on 
the basis of the morphology of the sector adjacent to 
the slope and the geometry of both the discontinu-
ities and the rock bridges. Since an analysis can be 
made only in plane strain conditions with the BEM-
COM code, the rock bridges in the model were con-
sidered to be distributed along a continuous 1.1 m 
thick band (Fig. 25).

The propagation of the discontinuity in the rock 
bridge was studied in a Linear Elastic Fracture Me-
chanics (LEFM) framework considering the ERDO-
GAN and SIH [1963] criterion. This criterion com-
pares the computed Stress Intensity Factor, Ke, with 
the toughness of the rock material KIC.

In the Ranc case, the propagation occurred 
mostly under mode I conditions, thus giving rise 
to open normal displacement discontinuities Dn, 
for a back-analysed value of toughness equal to 2.3 

MPa·m1/2. This value was different from the exper-
imentally determined one of 2.75 MPa·m1/2 (Tab. 
IV). The authors suggested that this difference 
could be due to the need to consider an equiva-
lent rock bridge in the 2D simulation. The propa-
gation was unstable, and its path is shown in figure 
25. The displacement discontinuity values along the 
natural discontinuity in the rock bridge at the be-
ginning (triggering) and at the end of the propa-
gation (coalescence) are shown in figure 26. After 
coalescence, the displacements increased in an un-
controlled way, and failure of the whole rock vol-
ume was assumed.

This example shows how, when the natural dis-
continuities and the rock bridges configuration in 
the rock mass are simple and known deterministical-
ly, the complex mechanical behaviour of rock struc-
tures can be simulated in a realistic way through a 
discontinuous deterministic approach using sophis-
ticated numerical methods. 

On the contrary, when a stochastic modelling of 
the configuration of the discontinuities and of the 
rock bridges is needed, simple mechanical models 
have to be used (for instance, Limit Equilibrium 
Methods). This is due to the large number of nu-
merical analyses that have to be carried out. In this 
case, the degree of stability of rock structures is not 
assessed in terms of safety factors, but in terms of fail-
ure probability.

4.2. Probabilistic analysis of a rock slope in a limestone 
rock mass

The case of the probabilistic stability analysis 
of a rock slope in a limestone rock mass located in 
the Piedmont Region, in Italy, is reported hereafter 
[SCAVIA et al., 1988] (Fig. 27). 

 Tab. IV – Geomechanical characteristics of the rock mate-
rial and of discontinuity A [CASTELLI et al., 2007].
Tab. IV – Caratteristiche geomeccaniche del materiale roccioso e 
della discontinuità A [CASTELLI et al., 2007].

 Fig. 24 – Location and detection of the rock bridges (modified after CASTELLI et al., 2007).
Fig. 24 – Ubicazione e individuazione dei ponti di roccia (CASTELLI et al., 2007, modificato).
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The results of a structural geologic survey al-
lowed the natural discontinuity systems to be detect-
ed (Fig. 28), as well as their geometrical character-
istics.

The following sets of discontinuities were detect-
ed:
– the stratification system, with lengths varying 

from 10 to 20 m, and spacings varying from 6 to 
20 cm;

– the joint set FR1, with lengths varying from 3 to 
10 m, and spacings varying from 20 to 60 cm;

– the joint set FR2, with lengths varying from 0.5 to 
3 m, and spacings varying from 7 to 190 cm.

From an analysis of the stereographic plots 
shown in figure 28, a planar sliding kinematism was 
found on the FR1 plane, with the FR2 plane acting 
as a tension crack. 

A number, n, of simple configurations of discon-
tinuities inside the rock slope was considered, resort-
ing to the CALL and NICHOLAS [1978] method. 

Each configuration (Fig. 29) was set up by ex-
tracting, through the Monte Carlo technique, sever-
al dip, spacing and length values from the statistical 
distribution of the FR1 and FR2 joint sets. This pro-
cedure allowed the formation of rock bridges among 
the discontinuities to be considered (Fig. 30).

A safety factor of the rock slope, F, was then com-
puted for each configuration through a Limit Equi-
librium Method, on the basis of the mechanical pa-
rameters shown in table V. Both tensile and shear re-
sistance of the rock bridges were taken into account 
when computing F. The probability of failure, Pf, was 
assessed as:

 P =f
n
n

*
  (8)

where n* is the number of the computed safety fac-
tors below 1.

In this example, n was set equal to 1000, and Pf 
was found to be equal to 0.06.

 Fig. 25 – Geometrical configuration of the unstable rock 
block assumed in the back-analysis. The propagation path 
is also shown (modified after CASTELLI et al., 2003).
Fig. 25 – Configurazione geometrica del blocco di roccia instabile 
analizzato con indicazione del percorso di propagazione della rot-
tura (CASTELLI et al., 2003, modificato).

 Fig. 27 – Limestone rock slope [SCAVIA et al., 1988]. 
Fig. 27 – Versante roccioso calcareo [SCAVIA et al., 1988].

 Fig. 26 – Normal displacement discontinuities along the 
detaching niche (modified after CASTELLI et al., 2003).
Fig. 26 – Discontinuità di spostamento normale lungo la nicchia 
di distacco (CASTELLI et al., 2003, modificata).
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Such a large number of computations was made 
possible thanks to the use of the simple model based 
on the Limit Equilibrium Method.

4.3. Comparison of the results of discontinuous and con-
tinuous models

It has been considered interesting to compare 
the results obtained using a continuous and a dis-
continuous model for the analysis of the same case 
study.

This comparison was made, for instance, by FER-
RERO et al. [2004]. 

 Fig. 28 – Stereographic plot of rock mass discontinuities (FR1 and FR2 joint systems, ST stratification plane and SF slope 
face) [SCAVIA et al., 1988].
Fig. 28 – Rappresentazione stereografica delle principali discontinuità (sistemi di giunti FR1 ed FR2, piano di stratificazione ST e fronte 
del versante SF) [SCAVIA et al., 1988].

 Tab. V – Cohesion c and friction angle  of the natural 
discontinuities, cohesion cR, friction angle R and tensi-
le strenght tR of the rock material, probability of failure Pf 

[SCAVIA et al., 1988].
Tab. V - Coesione c e angolo di attrito  delle discontinuità 
naturali, coesione cR, angolo di attrito R  e desistenza a trazione 
tR della roccia, probabilità di rottura Pf [SCAVIA et al., 1988].

 Fig. 29 – Stochastic geometric configurations of the di-
scontinuities within the rock mass [SCAVIA et al., 1988].
Fig. 29 – Configurazioni geometriche delle discontinuità presenti 
nell’ammasso roccioso ottenute con procedimento stocastico [SCA-
VIA et al., 1988].

 Fig. 30 – Sliding surface consisting of a series of joints and 
rock bridges [SCAVIA et al., 1988].
Fig. 30 - Linea di scivolamento formata da giunti principali e tra-
sversali e da ponti di roccia intatta [SCAVIA et al., 1988].
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A circular tunnel with a 4.75 m diameter, located 
at a depth of 620 m below the ground surface, was 
analysed using both a discontinuous and a continu-
ous equivalent approach.

The FLAC© (Fast Lagrangian Analysis of Con-
tinua) Finite Difference Method [ITASCA CONSULTING 
GROUP, 2002] was used to analyse the rock mass in an 
equivalent continuum framework, while the UDEC 
© (Universal Distinct Element Code) Distinct Ele-
ment Code was used in a discontinuous framework.

Numerical analyses carried out through the 
UDEC code assume that rock blocks are deforma-
ble and that the mechanical behaviour of natural 
discontinuities is elastic-ideally plastic. A Mohr Cou-
lomb elastic-perfectly plastic constitutive law was as-
sumed in the FLAC analyses. The authors assumed 

that the tunnel was located in six different types of 
rock masses (M1, .., M6).

In the present paper, only the M1 to M4 models 
have been considered. All the models contain three 
discontinuity systems, that is, SC, J1 and J2 (Fig. 31).

The four models were obtained by deterministi-
cally assuming different spacing and friction angle 
values for the joint systems (Tab. VI).

The following rock material parameters were as-
sumed for the discontinuous model: Young modu-
lus E = 60 GPa, Poisson’s ratio ν = 0.25, cohesion c 
= 30 MPa, friction angle  = 33° and unit weight  = 
27 kN/m3.

The mechanical parameters for the continuous 
equivalent model were evaluated through empirical 
correlations, using the Barton Q Index (Tab. III). 
The values of the Q index are shown in table VI. The 
corresponding values of the mechanical parameters 
are listed in table VII.

The results obtained for the 4 models (M1, .., 
M4) were then compared in terms of induced states 
of stress, plasticization areas and displacements 
around the tunnel, assuming K values of 0.25, 0.75 
and 1.

4.3.1. STATE OF STRESS

A zone of influence of the tunnel excavation was 
considered for greater variations of the vertical stress 
than 10%, with respect to the initial vertical stress. 
The amplitude of the zone of influence, obtained 
through the UDEC and FLAC analyses for each of 
the four rock models, is shown in the yellow box in 
figure 32. The values obtained through the UDEC 
code are similar to those provided by FLAC for the 

 Tab. VI – Graphical representation of the models with the corresponding spacings and friction angles of the discontinuities 
and the Q Barton index (modified after FERRERO et al., 2004).
Tab. VI – Rappresentazione grafica dei modelli analizzati con indicazione dei valori di spaziatura e di angolo di attrito delle discontinuità 
e dell’indice Q di Barton (FERRERO et al., 2004, modificato).

 Fig. 31– The SC, J1 and J2 natural discontinuity systems 
contained in the 4 rock mass models [FERRERO et al., 2004].
Fig. 31 – Sistemi di discontinuità naturali Sc, J1 e J2 presenti nei 
4 modelli di ammasso roccioso [FERRERO et al., 2004].
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heavy fractured model, that is, model 1, and are con-
sistently lower for the other models. 

4.3.2. PLASTIC ZONES

Some examples of the plastic zones obtained 
through the FLAC and UDEC computer codes are 
reported in figures 33 and 34. From an observation 
of these figures, the effects of the K coefficient on 
the shape and extension of the plastic zones become 
very evident.

It can be noted how, for instance for K=0.25, the 
maximum extension of the plastic zone computed 
with the continuous model is approximatively twice 
the tunnel diameter D. On the other hand, when the 
discontinuous model is used, the maximum exten-
sion of the plasticized joints is 3.5 times the diame-
ter D.

It should also be emphasized that the meaning 
of the plasticized zones obtained with the UDEC and 
FLAC codes is quite different. In fact, in the case of 
FLAC the occurrence of plastic zones in the rock 
mass is connected to the overall stability of the tun-
nel. In the case of UDEC, only natural discontinui-
ties are plasticized. These discontinuities affect the 
stability of the rock blocks. In many cases, the fail-
ure of blocks does not affect the overall stability of 
the tunnel.

4.3.3. DISPLACEMENTS AROUND THE TUNNEL

The distribution of the displacements obtained 
through UDEC and FLAC for the 4 rock mass mod-
els are shown in figures 35 - 38.

The FLAC results are reported on the left side of 
the figures, while the UDEC code results are on the 
right side. While the displacements obtained through 
the equivalent continuous approach (FLAC) vary in 
a continuous way, those obtained through the dis-
continuous approach (UDEC) obviously vary in a 

very irregular way, according to the distribution of 
the blocks around the tunnel.

Although the maximum displacement is rather 
small for the continuous approach and decreases as 
the quality of the rock mass increases (model 1 to 
model 4), the maximum displacements computed 
using the discontinuous approach vary very much 
and do not exhibit any clear dependence on the 
quality of the rock mass. 

However, it should be pointed out that the re-
sults obtained in the case of the discontinuous ap-
proach refer, for each model, to a configuration of 
natural discontinuities that were assumed determin-
istically, and that these results can change remarka-
bly when the variability in the geometrical configura-
tion is taken into account.

4.4. Effects of variability in the geometrical configuration 
of the natural discontinuities

To the best of the author’s knowledge, no at-
tempt has been made to use the UDEC code in the 
framework of a probabilistic analysis of a rock struc-
ture, starting from a stochastic representation of the 
configuration of natural discontinuities. This is due 
to the large amount of time required for a UDEC 

 Tab. VII – Young’s Modulus (E), Poisson’s ratio (ν), cohe-
sion (c) and friction angle () assumed in the continuous 
equivalent simulations for the rock mass models (after FER-
RERO et al., 2004).
Tab. VII – Modulo di Young (E), coefficiente di Poisson (ν), coe-
sione (c) e angolo di attrito () assunti, per i diversi modelli, nelle 
simulazioni con l’approccio del continuo equivalente (FERRERO et 
al., 2004, modificato).

Fig. 32 – Ratio between the amplitude of the zone of in-
fluence, L, obtained from the FLAC and UDEC codes 
and diameter D of the tunnel for the 4 rock mass models 
highlighted in the yellow box and identified by their Q 
index (see Tab. VI). K values equal to 0.25 and 0.75 were 
considered (modified after FERRERO et al., 2004).
Fig. 32 – Rapporto tra l’ampiezza della zona di influenza, L, 
ottenuta con i codici di calcolo FLAC e UDEC e il diametro D 
della galleria per i 4 modelli di ammasso roccioso analizzati, 
evidenziati in giallo in figura, ed identificati con il rispettivo 
valore dell’indice Q (vedi Tab. IV). I valori di K sono assunti 
pari a 0,25 e 0,75 (FERRERO et al., 2004, modificato).
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analysis, which limits the number of analyses that 
can reasonably be performed in a numerical study.

However, the assessment of the effects of the var-
iability in the geometry of natural discontinuity con-
figurations is particularly important when the dis-
placements, measured by monitoring systems, have 
to be interpreted to calibrate the parameters of the 
rock mass.

Starting from these considerations, the author 
suggested to Ferrero et al. (see UMILI et al., 2018) that 
they should perform some additional UDEC numer-
ical analyses to obtain better results pertaining to the 
behavior of a tunnel. A simple variability in the spac-
ing and dip of the three discontinuity systems was in-
troduced into the rock mass model, M3, (where no 
rock block detachment was detected). Starting from 
this rock mass model, 4 configurations with different 
triads of dips and 4 configurations with different tri-
ads of spacings were constructed. 

Each dip configuration was identified with the 
mean value  and a variation around the mean value, 
d. The three dip values assumed in the simulations 
were  – ∆ , ,  + ∆d. ∆d was equal to 0°, 3°, 6° and 9° 
for configurations 1, 2, 3 and 4, respectively (Tab. VIII).

In the same way, each spacing configuration was 
identified with t he mean value  and with a variation 

 Fig. 33 – Plastic zones obtained through the equivalent 
continuous approach for different K values (Model 2, Q = 
4.1) (modified after FERRERO et al., 2004).
Fig. 33 – Fasce plastiche ottenute con l’approccio del continuo 
equivalente per diversi valori di K (Modello 2, Q = 4.1) (FERRERO 
et al., 2004, modificato).

 Fig. 34 – Plastic zones obtained through the discontinuous 
approach for different K values (Model 2, Q = 4.1) (modi-
fied after FERRERO et al., 2004).
Fig. 34 – Fasce plastiche ottenute con l’approccio del discontinuo 
per diversi valori di K (Modello 2, Q = 4.1) (FERRERO et al., 
2004, modificato).

Fig. 35 – Distribution of displacements around the tunnel obtained with the FLAC computer code (on the left) and UDEC 
code (on the right) for model M1 (Q=1.9) and K = 0.25. Maximum displacement smax computed with FLAC = 2.92 cm. Ma-
ximum displacement sVmax computed with UDEC = 40 cm [FERRERO et al., 2004].
Fig. 35 – Campo di spostamenti al contorno dello scavo ottenuto con il codice di calcolo FLAC (sulla sinistra) e UDEC (sulla destra) per 
il modello M1 (Q=1,9) e K=0,25. Spostamento massimo smax calcolato con FLAC = 2,92 cm. Spostamento massimo sVmax calcolato con 
UDEC = 40 cm [FERRERO et al., 2004].
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around the mean value, ∆s. The three spacing values 
assumed in the numerical simulations were  – ∆s, , 
 + ∆s. ∆s was equal to 0 m, 0.1 m, 0.2 m and 0.3m for 

configurations 1, 2, 3 and 4, respectively (Tab. IX).
The convergences of the tunnel along the hori-

zontal, the vertical and a 45° inclined axis were com-
puted for 16 combinations of the dip and spacing 
configurations (Fig. 39).

It is possible to observe how the computed con-
vergences do not significantly differ for the various 
combinations when a friction angle of the natural 
discontinuities equal to 60° is assumed.

On the other hand, a great dispersion of the re-
sults is found for a friction angle equal to 30°, espe-
cially along the vertical and the 45° inclined axes. In 
fact, in this case, the discontinuities and their geom-
etry play fundamental roles because large plasticiza-
tions and displacements occur along the discontinu-
ities themselves.

These results show the importance of taking 
into account several discontinuity configurations 
when a discontinuous approach is used. This 
could be achieved more easily by resorting to re-
al probabilistic analyses, based on stochastic ge-

Fig. 36 – Distribution of displacements around the tunnel obtained with the FLAC computer code (on the left) and UDEC 
code (on the right) for model M2 (Q=4,1) and K = 0.25. Maximum displacement smax computed with FLAC = 1.03 cm. Ma-
ximum displacement sVmax computed with UDEC = 2.0 cm [FERRERO et al., 2004].
Fig. 36 - Campo di spostamenti al contorno dello scavo ottenuto con il codice di calcolo FLAC (sulla sinistra) e UDEC (sulla destra) per il 
modello M2 (Q=4,1) e K=0,25. Spostamento massimo smax calcolato con FLAC = 1,03 cm. Spostamento massimo sVmax calcolato con UDEC 
= 2,0 cm [FERRERO et al., 2004].

Fig. 37 – Distribution of displacements around the tunnel obtained with the FLAC computer code (on the left) and the 
UDEC code (on the right) for model M3 (Q=8,5) and K = 0.25. Maximum displacement smax computed with FLAC = 0.82 
cm. Maximum displacement sVmax computed with UDEC = 1.0 cm [FERRERO et al., 2004].
Fig. 37 – Campo di spostamenti al contorno dello scavo ottenuto con il codice di calcolo FLAC (sulla sinistra) e UDEC (sulla destra) per il 
modello M3 (Q=8,5) e K=0,25. Spostamento massimo smax calcolato con FLAC = 0,82 cm. Spostamento massimo sVmax calcolato con UDEC 
= 1,0 cm [FERRERO et al., 2004].
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ometrical configurations of natural discontinui-
ties, and using numerical methods like UDEC.

In this case considering a cross section of the 
tunnel, for a point P on the contour, a set of the 
n convergence values can be obtained on the ba-
sis of the n possible stochastic configurations of 
the natural discontinuities within the rock mass. 
This set of convergence values could be consid-
ered representative of the variability of the rock 

mass along the tunnel. On the other hand, by 
referring to the same position of point P, it is 
possible to measure a number, say m, of conver-
gences in m cross sections along the tunnel. The 
numerical code parameters could be calibrated 
in terms of a comparison between the two sets 
of computed and measured convergences. The 
same could be done for other points of the tun-
nel contour.

 Tab. VIII – Dip values assumed in the 4 configurations of the natural discontinuity sets around the tunnel (model 3, K= 0.25) 
(modified after UMILI et al., 2018).
Tab. VIII – Valori di inclinazione assunti nelle 4 configurazioni di set di discontinuità naturali situate in prossimità della galleria (modello 
3, K= 0,25) (UMILI et al., 2018, modificato).

 Tab. IX – Spacing values assumed in the 4 configurations of the rock mass around the tunnel (model 3, K= 0.25) (modified 
after UMILI et al., 2018)
Tab. IX – Valori di spaziatura assegnati alle 4 configurazioni di ammasso roccioso in prossimità della galleria (modello 3, K= 0,25) (UMILI 
et al., 2018, modificato).

Fig. 38 – Distribution of displacements around the tunnel obtained with the FLAC computer code (on the left) and the 
UDEC code (on the right) for model M4 (Q=20) and K = 0.25. Maximum displacement smax computed with FLAC = 0.6 cm. 
Maximum displacement sVmax computed with UDEC = 3.5 cm [FERRERO et al., 2004].
Fig. 38 - Campo di spostamenti al contorno dello scavo ottenuto con il codice di calcolo FLAC (sulla sinistra) e UDEC (sulla destra) per il 
modello M4 (Q=20) e K=0,25. Spostamento massimo smax calcolato con FLAC = 0,6 cm. Spostamento massimo sVmax calcolato con UDEC 
= 3,5 cm [FERRERO et al., 2004].
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5. Final remarks

Numerical rock mechanics and rock engineer-
ing methods have reached a very high level of com-
plexity, which allows them to be used for an in depth 
analysis of the mechanical behaviour of a rock mass.

However, many problems can arise, regardless of 
which method is adopted, when the numerical meth-
ods are used for forecasting purposes (forward anal-
yses). These problems are related to the presence of 

natural discontinuities in the rock mass, which is the 
main factor that distinguishes rock mechanics from 
other engineering disciplines.

As far as these problems are concerned, the fol-
lowing conclusions can be drawn:
– it is usually not possible to define a single val-

ue of the lateral stress coefficient, K, which is re-
quired to obtain the initial state of stress in a rock 
mass. A fictitious value of K, which is required in 
mechanical analyses, can be computed through 
the back-analysis of the displacements measured 
during, for instance, the excavation of a tunnel 
or the monitoring of a rock slope;

– only a qualitative criterion exists to help make 
the choice between an equivalent continuum ap-
proach or a discontinuous one to model a rock 
mass;

– the main problem with the continuum approach 
concerns the assessment of the mechanical pa-
rameters of the rock mass. These cannot be ob-
tained in a sufficiently reliable manner through 
in situ tests, due to the large dimensions of the 
REV of rock masses, and to the limited possibility 
of applying large loads to consider large volumes 
of rock mass in the tests. The empirical correla-
tions with the classification indices of the rock 
mass can be used to obtain a rough estimation 
of the mechanical parameters that can then be 
used to design a rock structure, before a moni-
toring system is set up. Therefore, it is essential 
that the mechanical parameter values are cali-
brated through a numerical back-analysis of the 
displacements that have been measured through 
the monitoring system;

– the main problem of the discontinuous ap-
proach pertains to the obtaining of knowledge 
of the geometrical configuration of the natural 
discontinuities inside the rock mass, including 
the location of the rock bridges. Except for some 
simple geometries, where a deterministic config-
uration of the discontinuities can be adopted, re-
sorting to stochastic models is unavoidable. This 
means that, in many cases, the stability of rock 
structures has to be assessed in a probabilistic 
framework. This can lead to severe computation-
al time problems, if a time consuming comput-
er code, such as UDEC, is used. These problems 
will hopefully be overcome in the future as a re-
sult of computer performance improvements;

– the results obtained using a continuous and a 
discontinuous code for the analysis of the same 
tunnel are different, in terms of extension and 
configuration of the plastic zones and of the pat-
terns of displacements around the tunnel. Fur-
thermore, the results obtained through the two 
approaches should be interpreted in a differ-
ent way to assess the degree of stability of a rock 
structure.

Fig. 39 – Percentage ratios between the computed conver-
gence, c, and the tunnel diameter, D, for the 16 combi-
nations of the dip and spacing configurations for two va-
lues of the friction angle, . ∆d and ∆s are the variability 
in dip and spacing assumed in the combinations [UMILI et 
al., 2018].
Fig. 39 – Rapporto tra la convergenza calcolata c e il diametro della 
galleria D per le 16 combinazioni geometriche di configurazioni 
di orientazione e spaziatura per due valori di angolo di attrito, . 
∆d e ∆s rappresentano la variazione di orientazione e spaziatura 
assunta nelle combinazioni geometriche [UMILI et al., 2018].
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36 SCAVIA

Approccio del continuo e del discontinuo 
nella Meccanica e Ingegneria delle Rocce

Sommario

I metodi numerici nella Meccanica e Ingegneria delle Rocce 
hanno raggiunto un alto livello di complessità che permette 
la simulazione di molti aspetti del comportamento meccanico 
dell’ammasso roccioso.

Ciononostante, e indipendentemente dal metodo utilizzato, 
esistono alcuni importanti problemi quando i metodi numerici 
sono utilizzati per scopi previsionali. Questi problemi 
sono connessi con la presenza delle discontinuità naturali 
nell’ammasso roccioso, che rappresenta il fattore fondamentale 
che contraddistingue la meccanica delle rocce da altre discipline 
dell’ingegneria.

L’articolo esamina le difficoltà che si incontrano nella 
determinazione dello stato iniziale di tensione nell’ammasso 
roccioso e la problematica scelta tra approccio del continuo e del 

discontinuo. Successivamente, vengono presentati gli approcci del 
continuo e del discontinuo.

Le condizioni per poter fare riferimento all’approccio del 
continuo sono presentate a partire dal concetto di REV. Viene 
quindi discussa la possibilità di valutare i parametri meccanici 
dell’ammasso roccioso, inteso come continuo, mediante le prove in 
situ e le correlazioni empiriche.

La necessità di determinare tali parametri mediante analisi a 
ritroso è mostrata facendo riferimento alla simulazione numerica 
della stabilità della frana di Rosone, ubicata nelle Alpi italiane.

I metodi del discontinuo richiedono la conoscenza della 
configurazione geometrica delle discontinuità naturali 
nell’ammasso roccioso. Ai fini di una analisi previsionale ciò 
significa, nella maggioranza dei casi, la costruzione di un 
modello stocastico delle discontinuità e il conseguente ricorso ad 
analisi di tipo probabilistico. A tale riguardo vengono presentati 
due casi applicativi in cui si è fatto riferimento ad un approccio 
discontinuo di tipo deterministico e di tipo probabilistico. 

Infine, vengono confrontati i risultati ottenuti con un codice 
numerico del continuo e uno del discontinuo, applicati all’analisi 
della stessa galleria.


