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Classical rock mass classification systems are not applicable to carbonate rocks, especially when these are
affected by karst processes. Their applications to such settings could therefore result in outcomes not
representative of the real stress—strain behavior. In this study, we propose a new classification of
carbonate rock masses for engineering purposes, by adapting the rock engineering system (RES) method
by Hudson for fractured and karstified rock masses, in order to highlight the problems of implementation
of geomechanical models to carbonate rocks. This new approach allows a less rigid classification for
carbonate rock masses, taking into account the local properties of the outcrops, the site conditions and
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1. Introduction

During the preliminary design stages of a project, information on
rock masses, in terms of strength, deformability, in situ stress and
hydrologic characteristics, is not greatly detailed, and the rock mass
classification system is the most common approach used for solving
rock engineering purposes. It is a common practice to use, for any
rock engineering application with different boundary conditions
and geometries, multi-parameter classification schemes, such as
those proposed by Bieniawski (1973, 1974, 1989, 1993) and Barton
et al. (1974), without due consideration of the original aims for
which these systems were developed, and the engineering geolog-
ical characteristics of the rock mass as well (Fookes, 1997; Jing, 2003;
Andriani and Parise, 2015; Parise et al., 2015a). The majority of the
available schemes use a defined number of parameters, to which
ranges of value are assigned, based upon in situ surveys, or labora-
tory and field tests (for instance, attitude, discontinuity conditions,
uniaxial compressive strength, and rock quality designation (RQD)).
This approach is highly useful to solve many engineering geological
problems, but, on the other hand, it is too rigid when dealing with
particular situations (e.g. slope instability and foundations), espe-
cially when rock masses not exactly responding to the original
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criteria of the scheme are dealt with. This is certainly the case for
carbonate rock masses, which are particularly sensitive to syn-
depositional and post-depositional diagenesis, including dissolu-
tion and Kkarstification processes, cementation, recrystallization,
dolomitization and replacement by other minerals. Furthermore, as
sedimentary rocks, carbonate rocks are typically stratified, lami-
nated, folded, faulted and fractured. As a consequence, a carbonate
rock mass is characterized by inherently anisotropic properties
(physico-mechanical, hydraulic, dynamic, thermal). Anisotropy can
be found at different scales in carbonate rocks ranging from intact
specimens to the entire rocks. The strength and deformability of
carbonate rock masses depend, therefore, on those of the intact
blocks and on their freedom of movement which, in turn, are
affected by the discontinuities, as well as by their pattern, orienta-
tion and infilling. For a complicated case, the development of karst
features, showing irregular geometry, has to be added (De Waele
and Parise, 2013). Eventually, the scale of the engineering problem
determines the choice between a continuum model and a dis-
continuum model to represent the rock mass behavior at the stage of
design analysis. Such a choice is of extreme importance, and should
be derived from the knowledge acquired during the engineering
geological characterization of the rock mass (Barla and Barla, 2000;
Jing and Hudson, 2002; Andriani, 2015).

Due to the presence of karst features, either active or related to
paleo-karst, implementation of the main classification schemes to
carbonate rock masses has several problems (Fig. 1). Furthermore,
other complications are related to the stratigraphic and structural
settings, and to lack of a parameter in the classification schemes
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Fig. 1. Quarry wall in thinly bedded Cretaceous limestone, deeply karstified, with sub-
horizontal conduits and caves.

which could account for the time effect on the strength and
deformability properties of the rock masses (i.e. creep) (Scholtz,
1968; Dusseault and Fordham, 1993; Benardos and Kaliampakos,
2004). Experiences from underground calcarenite quarries have
shown that the stability degree of pillars and vaults within the
quarries decreases with time, as an effect of creep on the total
strength of the rock mass (Bruno et al., 2007; Parise and Lollino,
2011; Lollino et al., 2013; Pepe et al., 2013). This effect is particu-
larly significant in humid or wet sites, and for soft rock mass with
high water content (Andriani and Walsh, 2002, 2007, 2010; Ciantia
and Hueckel, 2013).

A further problem to be considered is overrating the proneness
to instability by classical methods as the rock mass rating (RMR) by
Bieniawski or the Q-system by Barton, as an effect of the correction
factors of the discontinuity attitude. The same trend, even though
less marked, characterizes the slope mass rating (Romana, 1985),
derived from the original RMR. An interesting possibility, alterna-
tive to the classical methods, is the rock engineering system (RES)
(Hudson, 1992). RES focuses upon the objective: this means that
elements and interactions to consider may be adapted to the
setting, the aim of the study, and the goal of the project. At the same
time, the details needed to characterize the system, its elements
and interactions, may change, too. RES so far has been successfully
applied in several fields, including slope stability (Mazzoccola and
Hudson, 1996; Calcaterra et al., 2004; de Luca Tupputi Schinosa,
2008; Andriani et al., 2009).

In this paper, we present an adaptation of RES to the classifi-
cation of carbonate rock mass in karst environments. The approach
aims at defining a practical model for simulating the behavior of
karstified rock masses for engineering purposes, with particular
regard to stability analyses of natural and man-made walls in car-
bonate rocks.

2. Methodology

The RES approach was first introduced by Hudson (1992) for the
analysis of complex engineering problems in rock mechanics ap-
plications, including the stability of natural and artificial slopes,
tunnels, underground quarries and caves (Mazzoccola and Hudson,
1996; Andrieux and Hadjigeorgiou, 2008; Budetta et al., 2008;
Naghadhei et al., 2011; Palma et al., 2012a,b; Rafiee, 2014).

The approach is inspired to the general theory of the systems by
von Bertalanffy (1950, 1968), according to which a system is defined
as “a complex of elements in interaction”, and later by Hall and
Fagen (1956), according to which a system is “a set of objects
together with relations between the objects and their attributes”,
where the objects are the components or parts of the system, the
attributes are the properties of the objects, and the relationships
“tie the systems together”.

The first application of the systematic model in geomorphology
dates back to Strahler (1980). Hudson and Harrison (1992)
considered that in rock mechanics modeling and rock engineer-
ing design for a specific project, it is necessary to consider not only
the individual parameter of the system but also how these pa-
rameters all interact together. At this goal, identification of all the
relevant parameters of the system, corresponding to the physical
variables, and the linking mechanisms are important, and their
combined operation has to be considered. In practice, a general
understanding of a rock engineering problem includes not only the
primary mechanisms and factors, but also the interactions between
them.

Although the RES approach is general and widely applicable, in
each location and for each specific purpose, the description of the
rock mass is fitted to the physical reality and to the engineering
problem.

The RES approach is a systematic method in which the in-
teractions between the various parameters of the system are listed
in a matrix. The principal parameters considered relevant to the
problem are listed along the leading diagonal of a square matrix
(top left to bottom right) and the interactions between pairs of
principal factors form the off-diagonal terms. The interaction be-
tween the parameters is then analyzed with a clockwise influ-
encing convention. Generally, the influence of a parameter on the
other is different, which means that the matrix is, in general,
asymmetrical. This asymmetry is associated with the fact that the
interaction depends on the path. The assigned values to off-
diagonals are called “coding the matrix”. Several methods have
been developed for numerically coding the interaction matrix, such
as the 0—1 binary, expert semi-quantitative (ESQ) method (Hudson,
1992) and the continuous quantitative coding (CQC) method (Lu
and Latham, 1994). The most common coding method is the ESQ
in which only one value is deterministically assigned to each
interaction. Therefore, it is implicitly considered that there are no
uncertainties when the influence of one parameter on the others is
expressed in the matrix. Typically, the following coding values
between 0 and 4 are employed with ESQ coding schemes: no, 0;
weak, 2; medium, 3; strong, 4; and critical, 5. However, such coding
values are not always constant and/or certain, depending on the
type of problem. In other words, it is always possible that the
coding value needs to be updated and/or modified under the spe-
cific conditions of a project, and, in many cases, it is also possible
that an exact (and unique) digit-code cannot express the correct
particular interaction. This could be due, for instance, to un-
certainties in the assignment of values or even due to uncertainties
on the physics of the problem (Naghadhei et al., 2011).

The main parameters (P;) were listed along the leading diagonal
of the matrix, as highlighted in Fig. 2. The row passing through P;
represents the influence of P; on all the other parameters in the
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Fig. 2. Summation of coding values in the row and column through each parameter to
establish the cause and effect coordinates (modified after Hudson, 1992).

system. Conversely, the column through P; represents the influence
of the other parameters, which is the rest of the system, on P;. Once
the matrix is coded approximately, the sum of each row and each
column is found. The sum of the row values is the cause and that of
the column is the effect, designated as coordinates (C, E). Thus, C
represents the way in which P affects the system and E represents
the effect that the system has on P.

The interactive intensity value of each parameter is denoted as
the sum of the C and E values (C + E), and it is used as an indicator of
the parameter significance in the system. The C — E value (domi-
nance) represents how dominant the parameter is within the sys-
tem. A positive value of C — E is representative of a dominant
parameter, which means it affects the system to a greater extent
than the system affects the parameter. A negative value represents
a subordinate parameter, meaning that the system affects the
parameter more than the parameter affects the system.

The percentage value of C + E is used as the parameter
weighting factor, as shown in the following equation:

- Ci + E,‘
>-iGi+ 2E;

The coordinate values for each parameter can be plotted in
cause and effect space, forming the so-called cause—effect plot or
more simply C—E plot (Fig. 3). Conventionally, the causes are given
on the x-axis and the effects on the y-axis. The length of both axes is
limited to 4(N — 1), where 4 is the maximum value that the cause or
the effect of a parameter may assume, and N is the number of pa-
rameters considered. The diagonal line with equation C=E (C =E
line) represents the locus of points in which all the parameters have
equal dominance/subordination; the dominant parameters, C > E,
plot to the right of the C = E line while the subordinate parameters,
C < E, plot to the left of the C = E line. With such a plot, it is
therefore possible to recognize which parameter plays an impor-
tant role in influencing the system.

In the second step, once the coding matrix has been built, it is
necessary to assign a numerical value, or rating, indicated by “V”, to
all the considered parameters, on the basis of their weight on the
instability of the system. The quantification of the parameters is
very important, allowing to put both the quantitative and
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Fig. 3. Cause—effect plot for the leading diagonal parameters of a system.

qualitative parameters at the same level of analysis, associating a
numerical value with the latter. The assessment of the influence of
the parameters on the instability of the system is based on the
expert evaluation approach and is calibrated by morphological
analysis, morpho-evolution models, geomechanical surveys and
geotechnical laboratory results. Thus, for each parameter, 3 classes
of rating are set: O for low contribution, 1 for medium contribution,
and 2 for strong contribution.

In the final step, the rock mass instability index (RMII) is
calculated for each slope or quarry wall, assuming that all param-
eters contribute to instability with different weights. Higher values
of RMII indicate higher degrees of slope instability. RMII is calcu-

lated through the following equation (Mazzoccola, 1992;
Mazzoccola and Hudson, 1996; Ali and Hasan, 2002):

N
RMII; = " (a;Vy) (2)

i=1

where i refers to parameters (from 1 to N), j refers to slopes or
quarry walls (e.g. for an open pit quarry, the analysis can be carried
out for each wall or for homogeneous sectors, in the case that the
geological and environmental conditions are locally different), a;
refers to the interactive intensity for each parameter, and Vj; is the
rating assigned to different classes of parameter values (it is
different for each j slope or wall).

In each site, for the purpose of the verification of the method-
ology and results, the procedure has to be applied to both stable
and unstable slopes. This allows to define the class-limits among
stable, partially stable and unstable slopes, and to associate a cor-
rect approach with modeling carbonate rock masses, based upon
the outcomes of the geostructural and geomechanical analyses,
including the assessment of the potential failures and typologies of
movement.

In many natural and artificial slopes in karst terrains, the sta-
bility analysis is very complex, due to difficulties in accessing data,
because of logistic constraints, impossibility to carry out laboratory
tests on representative specimens, and the high number of inter-
acting factors. For such complexity, the sequence of the critical rock
parameters could be determined first, by combining qualitative and
quantitative data from in situ surveys and laboratory geotechnical
tests, integrated with evaluation of natural (seismic, hydrological,
presence of vegetation) and human-induced variables controlling
slope instability; secondly, by applying a hierarchical screening
procedure of the parameters, also based upon the ratings obtained
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from other rock classification systems (e.g. Bieniawski and Barton
classification schemes). The high spatial variability of carbonate
slopes might suggest to geologists the subdivision of the study area
in sectors based above all on morphological and geological criteria,
before performing the analysis of those parameters considered
significant to the problem.

The relevant parameters in karst environment (indicated in
italics in the following) can be grouped into the following
categories:

(1) Geology: expresses the rock types (lithology), including the
thickness ratio of the lithological units cropping out on the
quarry walls or slopes (e.g. calcarenites, limestones, and
dolostones), structural characters (fractures and faults, folds,
number of sets, orientation, parallelism, aperture, roughness,
infilling, spacing, persistence and extent) and hydraulic
conditions, including the presence of water and the rock
mass characteristics which control water flow (degree of
saturation, permeability, drainage paths). As regards paral-
lelism among joints and slope face, the presence of tension
cracks at the wall-top edge is considered as the most
hazardous condition.

(2) Morphometry: refers to quantitative evaluations of slope
inclination, height and width. The presence of vertical or
overhanging walls is considered as the most hazardous
condition.

(3) Intact rock properties: refer to unit weight, deformability,
strength and durability at the sample scale.

(4) Rock mass properties: include unit weight, deformability and
strength based on overall continuum material assumption. If
the rock mass is modeled as a discontinuous medium, block
sizes (Palmstrom, 2005), strength and deformability of dis-
continuities have to be determined. For both the approaches
(continuum and discontinuum), the degree of weathering
and Kkarstification and their influence on potential failure
modes (weathering and karst) (Fookes and Hawkins, 1988;
Parise, 2008, 2011; Gutierrez et al., 2014; Parise et al.,
2015b) must be taken into account, as well as the in situ
stress, including degree of tectonics and disturbance.

(5) Stability index and failure mechanisms: refer to the ratio be-
tween wall height and its critical height (stability index). The
estimate of the critical height can be carried out with the
lower bound theorem of limit analysis adopting the Mohr-
Coulomb failure criterion (Andriani and Pellegrini, 2014).
Identification of the more likely failure mechanisms in
different sites may be based upon an expert evaluation
approach, or/and on the analysis of polar stereographic
projections (failure mechanisms).

(6) Previous instabilities: refer to evidence of past instabilities,
useful to provide insights on the proneness to instability of
the quarry walls or natural slopes.

(7) Natural hazards: include seismicity, hydrological events and
presence of spontaneous vegetation (e.g. destabilizing effect
of shrub and tree roots on the discontinuity network).

(8) Human factors: include adjacent blasting, nearby construc-
tions or overloads close to the upper boundary of the quarry
face (human hazards) and reinforcement such as wire meshes
and bolts.

It has to be noted that not all the parameters have to be
considered as leading diagonal terms within a case study. There-
fore, a flexible implementation of the method derives, which
should be adapted to the peculiar features of the carbonate rock
mass, as a function of the local properties of the outcrops and the
site condition for specific engineering geological problems.

3. Conclusions

Rock mass classifications represent undoubtedly a helpful tool
for planning and design in engineering applications, but they
should be carefully used, with due consideration of the limits and
applicability in each geological setting, and in relation to different
engineering geological problems. The classical schemes are often
difficult to be applied, and might result in providing not useful
outcomes, especially where the geological and stratigraphic fea-
tures of the site are quite far from those for which the classification
systems were developed.

It is not by chance that systematic approaches to assess the
heterogeneity of rock masses and incorporation of the variability
into the design process have yet to gain wide acceptance in the rock
engineering community.

In the case of karstified carbonate rock masses, the high
complexity makes not applicable the general classifications, due to
impossibility to represent the effect of the karst features on the
quality of the rock mass. In such settings, there is therefore the need
to use more adaptable methods, able to provide a semi-quantitative
analysis for the parameters that are considered to be significant, in
function of the available data and, most important, of the specific
peculiarities of each case study. Fragility of karst and high vulner-
ability of the natural resources therein contained represents
peculiar characteristics that are worth to be faced by means of
approaches specifically dedicated to karst, which have necessarily
to take into account the presence of typical landforms (caves of
variable size, conduits, swallow holes, etc.), and their variable
functionality as well. In this contribution, we made a first attempt
in pointing out such need and working in the above indicated di-
rection, and aimed at contributing to creating methodologies and
tools which could be effectively used in karst settings.
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