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Abstract. The Italian technical standard of construction (NTC-2018) defines
the standards for designing, building and testing all kinds of constructions,
considering their performances in terms of mechanical resistance, stability and
durability. These standards give us the general safety criteria, stating that the
effect of actions and material characteristics must be included in the design.
Moreover, NTC-2018 transposes requirements suggested in the EN Eurocodes
(EN 1990 - EN 1999). For what it concerns geotechnical structures, since 2010,
EN-1997 Geotechnical Design (EC7) has been the reference design code for
construction in the EU. What about rock engineering designs? Since rock
mechanics is a branch of geotechnics, rock-engineering constructions should be
designed following EC7 and NTC-2018 requirements. However, their applica-
bility is not obvious, since the use of partial factors in design calculation is not
allowed due to lack of proper partial factors or since there are no precise
indications about the processing of data coming from new analysis techniques
(e.g. remotely sensed data). For rock masses, partial factors may be applied to
joint strength but they cannot be used for joint orientation or spacing. As a
consequence, statistical approaches, together to detailed geomechanical surveys
(traditional and/or non-contact) are more suitable for these parameters. In this
paper, the authors analysed some open questions in national and European
regulations related to rock-engineering design.
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1 Introduction

NTC-2018 is the Italian technical standard for the design of common civil and
industrial engineering works and it implements requirements suggested by the EN
Eurocodes (EN 1990 - EN 1999). It contains principles referring to various types of
structures, providing common rules for their design, for checking their strength, sta-
bility and durability against actions (Dimova et al. 2014).

Chapter 6 of NTC-2018 refers to the geotechnical design dealing with foundations,
underground constructions, man-made soil structures, excavation faces and slope sta-
bility. In particular, it deals with constructions in or on the ground, which is defined as
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“soil, rock, fill in place prior to the execution of the construction works”. As it will be
discussed hereinafter, NTC-2018 and EC7 requirements are suitable for problems that
involve interaction between structure and soil but their applicability is debatable
concerning rock mechanics.

NTC-2018 is based on the limit state design (LSD) approach that requires the
application of partial safety factors to characteristic parameter values for considering
parameter uncertainty and achieving designs with a certain target reliability. For what
concerns geotechnical problems, the possible relevant failure mechanisms have to be
identified in order to forecast the structural adequacy and the ground capacity and
resistance.

The geotechnical design requires a proper reconstruction of the geological model
and the definition of physical and mechanical properties of the ground. The latter
requires performing in situ surveys and laboratory tests for defining characteristic
parameters and, in relation to the type of construction, the geotechnical model. Geo-
logical and geotechnical models have to be coupled for helping designers in the choice
of the best technical solution and the executive plan.

According to the code, geological model has to “identify and describe geological
factors inducing instability processes”. The standard also requires that “stability anal-
ysis of ground and structures have to be based on data acquired with geotechnical
surveys”. Each parameter has to be pertinent to failure mechanism and properly
reduced or increased with partial coefficients. The magnitude of these coefficients is
governed by the probability of failure: at present, their applicability to rock mechanics
parameters is unproven. In fact, nor NTC-2018 neither EC7 present any factors for rock
mechanics parameters (Bedi and Orr 2014; Harrison 2014).

In contrast to soil, in which the particles are very small in comparison with structure
dimension, rock masses are typically jointed. As a consequence, their representative
elementary volumes (REV) are greater than soil particles and vary in size. The strength,
shape, orientation and magnitude of REV dictate the response of the rock mass (Ferrero
et al. 2014). By considering various scales of loading to which a rock mass may be
subjected in construction practice, the size of REV also affects rock mass resistance.
Generally, REV cannot be tested, disallowing for the direct determination of engi-
neering parameters in laboratory (Harrison et al. 2015).

NTC-2018 provides a general description and just states that “in case of rock
masses and complex formations, it is necessary to take into account the nature, the
geometric characteristics and the resistance of the discontinuities”. Moreover, it
reminds that “the geomechanical characterization of the rock mass must include type of
joint, orientation, continuity, spacing, roughness, strength, aperture (if opened), fill
width and nature (if filled), weathering level and water” and adds that “representative
values should be quantified starting from a considerable number of joint data”.

All these aspects undoubtedly have a huge impact on the analysis of rock masses
susceptible to rockfall phenomena especially for the evaluation of the representative
rock block and its dynamic along the slope. In the design of protection structures
against rock fall phenomena, the definition of rock mass characteristics and the sta-
tistical treatment of these parameters become of the utmost importance for the defi-
nition of the related probability of failure.
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In this paper, the authors want to focus on the previous open questions related to
rock mechanics in NTC-2018 providing two illustrative examples to better explain
these limitations and how to overcome them. In particular, concerning the uncertainties
in rock mass characterization, the case study of Rovenaud (Ferrero et al. 2016) has
been used as an example for highlighting how the choice of REV could influence the
definition of maximum impact energy. Finally, the findings of this study have been
used for performing reliability-based analysis (Vagnon et al. 2018), here proposed as a
possible approach for the evaluation of probability of failure of structures and for
overcoming the LSD limitations, widely discussed in the following.

2 Rock Engineering Design

In rock engineering design, the choice of the best design approach is governed by
geometrical and physical characteristics of the rock mass in relation to the engineering
problem size.

One of the main questions in rock mechanics is the definition of the rock mass
strength. Since the rock mass is defined as an assembly of intact rock blocks separated
by geological discontinuities and the action of tectonic forces plays a decisive role in its
behaviour (displacement take place primarily along these planes of weakness), the
combined influence of joints, their configuration and the strength along them are the
first aspects to be taken into account. They define the failure mechanism and influence
the choice of modelling scheme to be adopted in any design operation.

Depending on the rock mass degree of fracturing, continuum or discontinuum
models can be used for the analysis of rock mass behaviour. Continuum approach is
applied to weak rock masses or if there isn’t any macro-structure governing the
medium strength behaviour. On the contrary, if the stress-strain behaviour of rock mass
depends mainly on the discontinuity sets, the discontinuum approach is more suitable
in defining rock mass behaviour.

For what concerns a continuum or pseudo-continuum medium, the evaluation of
intact rock characteristics (peak and residual friction angles, cohesion, bulk density) by
performing laboratory tests may be enough for defining the whole rock mass behaviour.
Continuum or pseudo-continuum approaches allow for the use of rock mass classifi-
cations, since the effect of discontinuities can be spread over the whole rock volume,
defining a ‘homogenized’ medium with global values of deformability and resistance.
For these reasons, in engineering practice, empirical relationships, developed over the
last decades by several authors, have been applied correlating the characteristic
parameters of the mechanical behaviour with the quality indexes of the rock mass.

On the contrary, for a discontinuum medium, rock mass properties should not be
based only on laboratory and/or in situ testing, but also on a thorough characterization
of the rock mass. The concept of homogenized medium is theoretically wrong since
failure mechanisms depend on the discontinuity features. Thus, a considerable number
of joint data representative of the site and including type of joint, orientation, conti-
nuity, spacing, roughness, strength, aperture if opened, fill width and nature if filled,
weathering level and water (Ulusay and Hudson 2007) should be acquired. Their
quality and quantity should be related to the rock mass quality for reducing the design
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uncertainties coherently with the limit state approach (Bedi and Harrison 2013).
Moreover, the amount of data depends on the geotechnical model to be adopted and the
possible failure mechanisms involved.

In fact, fracturing rules the possible failure mechanisms and an effort must be made
to characterize discontinuities both by the geometrical and the mechanical point of view.

Summarizing, if the fracturing leads to rock block of negligible size compared to
problem scale, the rock mass can be assumed as an equivalent medium and the dis-
continuity effects can be distributed over the whole rock mass. In this case, the partial
safety factor approach may be useful. For what concerns discontinuum models, the
rock block volume and discontinuity properties rule the definition of possible failure
mechanisms. Unfortunately, NTC-2018 suite never deals with these aspects and no
recommendations are given regarding the percentage to be considered in the relative
frequency distribution or partial factors to be applied.

Moreover, for defining the frequency distribution of rock block volumes, a large
amount of data on spacing, orientation and, possibly, persistence should be necessary;
NTC-2018 and EC7 suites do not provide any suggestions on the number of data
and/or on the definition of reference block dimension.

The increase of analysed data requires a distinction between epistemic and aleatory
uncertainties in measurements: epistemic uncertainties depend on characteristics of the
survey method and aleatory uncertainties one the natural variability of discontinuities.
As stated by Bedi and Harrison (2013), aleatory variability can be invoked only when
there are enough measurements that are sufficiently precise to objectively fit a proba-
bility distribution to the data using statistical methods.

In the following, two examples for highlighting the actual problems related to rock
mechanics in national NTC-2018 suite.

3 Discontinuity Data Obtained with Remote Sensing Tools

Rock fall phenomenon is a good example to highlight the complexity of the identifi-
cation of design parameters: in fact, uncertainties are involved in slope characterization
(geometry, restitution coefficients), in discontinuity survey method, in the definition of
the design block volume and in the simulation of block trajectories along the slope. As
previously remarked, for reconstructing a reliable statistical distribution of block vol-
umes a huge dataset of rock discontinuity characteristics in terms of orientation,
spacing and persistence is required. Traditional surveys are not always feasible due to
rock face accessibility, safety conditions and time limits. Non-contact surveys are a
good alternative for obtaining information about discontinuities characteristics,
allowing for statistical analyses and therefore for uncertainties evaluation.

NTC-2018 and EC7 do not provide yet a standardization of the requirements about
the acquisition and processing of the products of remote sensing techniques, such as
Digital Surface Models (DSM), in order to generate input for the design of protection
works. Lato et al. (2010) performed tests concerning point density as a function of the
look angle of the laser scanner and its distance from the object. A discussion con-
cerning quality and quantity of DSM points in order to be suitable for different kinds of
analysis is included for example in Ferrero et al. (2016).
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Discontinuity data obtained from the analysis of a DSM need to be reliable and
representative of the considered rock mass, therefore great attention must be paid to
their accuracy and completeness.

Hereinafter, a discussion regarding the development of advanced survey methods
for the geometrical characteristics of rock discontinuities is proposed: since neither
NTC-2018 nor EC7 contain references to these methods, the authors want to highlight
the great gap between the state-of-the-art of research and the actual regulations.

3.1 Orientation

Ferrero et al. (2009) performed tests concerning the accuracy of dip and dip direction of
discontinuity planes fitted on point samples of a DSM and inferred that it mainly
depends on two factors: the ratio between the point accuracy and their average distance,
and the roughness of the actual rock surface. Based on these tests they developed a
guide in survey design to determine the minimum number of points to be acquired in
order to obtain a certain accuracy in the dip and dip direction estimation.

3.2 Spacing

Spacing, coupled with orientation, can be surveyed with non-contact methods: manual
or automatic measurements can be performed on the DSM reproducing the outcrop
surface, with the great advantage of acquiring data on the whole surface and have all
the input data to obtain true spacing values.

3.3 Persistence

Persistence, defined as the ratio between the total discontinuity area and a reference
area, controls the stability of blocks; however, direct measurements of discontinuity
area are quite impossible to obtain, and therefore many researchers (Kulatilake and Wu
1984; Zhang and Einstein 1998; Mauldon 1998) proposed method for inferring dis-
continuity area and degree of fracturing based on trace lengths. Thanks to the devel-
opment of non-contact survey techniques, different methods were proposed to
automatize trace identification and measurement on DSM (i.e. Gigli and Casagli 2011;
Umili et al. 2013), allowing for the creation of a complete database of trace lengths and
directions.

3.4 Roughness

Joint Roughness Coefficient (JRC) (Barton, 1973) value of a rock joint is traditionally
estimated by visibly comparing it to the ten standard profiles (Barton and Choubey
1978). The development of objective methods for a quantitative estimation of JRC has
been the research topic of many authors in recent years (for a review of the state-of-the-
art see Li and Zhang 2015; Li and Huang 2015): regression correlations between JRC
and geometrical, fractal, and geostatistical descriptors were proposed. Research was
also focused on significant aspects that influence roughness quantitative estimate, such
as the anisotropy of the discontinuity surface, the scale effect and the sampling interval.
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3.5 Block Volume

The definition of the design block in rockfall events is strictly influenced by discon-
tinuities orientation and spacing in the originating rock mass, as defined by the well-
known relation by Palmström (1996). As previously reported, the higher level of
completeness of databases of these two parameters acquired with non-contact methods
allows for the definition of their statistical distributions. Therefore block volume fre-
quency distribution can also be inferred, with the advantage of including uncertainties
related to the original data and of relating probability of exceeding with a certain block
volume. This aspect is fundamental for properly choosing the design block for a barrier.

The study by Ferrero et al. (2016) performed on a rock face characterized by
rockfall events located at Rovenaud, in the Gran Paradiso Park area (Valsavaranche,
Aosta, Italy), is an attempt to cover the previously mentioned gap between research and
regulations in rock mechanics.

Following charts presented in Ferrero et al. 2009, the epistemic and aleatory
uncertainties were evaluated on each discontinuity set. As expected, the aleatory
components, namely that related to the natural variability of discontinuity characteristics
inside the rock mass, is one order of magnitude greater than the epistemic one. Con-
sequently, this variability in defining discontinuity orientation reflects on rock volume
estimation. Monte Carlo analysis was performed in order to reproduce the cumulative
distribution of detached block: for validating the goodness of this process, the estimated
frequency distribution was compared with the real block distribution evaluated at the
base of the rock face. Variability in rock block volume defines a great variability in total
kinetic energy on a hypothetical barrier. Figure 1 shows the cumulative distribution of
total kinetic energy evaluated at a certain location considering three different volume
blocks. It is evident the influence of the choice of the design block volume on the
evaluation of kinetic energy and on the definition of barrier resistance.

Fig. 1. Cumulative distribution of total kinetic energy evaluated considering three different
volume blocks (from Vagnon et al. 2017). This kinematic analysis was performed for
highlighting how the uncertainties related to spacing and joint orientation measuring have a huge
impact on the evaluation of REV and consequently on kinetic energy.
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Summarizing, rock block volume is the dominant parameter for a proper design of
rockfall barrier, but unfortunately the NTC-2018 and EC7 never deal with this aspect
and no indications are given on the possibility of applying partial safety factors.

4 Rock Fall Barriers

For the design rock fall protection barriers the partial safety factor approach cannot be
applied since partial factors have still to be proposed (by EC7 and NTC-2018) to cover
involved uncertainties on design parameters (block volume, block velocity etc.). Thus,
to overcome these limitations a design approach based on a target reliability index
(Duncan 2000; Baecher and Christian 2003) could be a useful tool to provide
geotechnical structures with a uniform probability of failure.

Statistical analyses should be performed for identifying the rock block volume
frequency on the basis of orientation, spacing and persistence of discontinuity sets.

Fig. 2. Graphical representation of the RBD approach for rock fall problems (from Vagnon et al.
2018). Dotted lines (a, b and c) represent the ellipsoids generated by barrier resistance and kinetic
energy with three level of standard deviation, associated to barrier resistance, for three rockfall
barrier located in different position along the slope. Continuous lines (d, e and f) represent the
ellipsoids tangent to failure domain evaluated using RBD approach. The figure highlights that
barrier resistance for collector 2 and 3 is insufficient to guarantee an acceptable level of safety,
independently of standard deviation values; thus, an increase in barrier resistance is highly
recommended.
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This aspect requires an accurate knowledge of the rock slope fracture structure and,
consequently, a thorough definition of the geological model.

To illustrate these aspects, the reliability-based design (RBD) has been applied to a
flexible rockfall barrier (Fig. 2) located at the base of the rock face presented in the
previous section.

The complete description of the performed procedure is presented in Vagnon et al.
2018: the main results of the study can be summarized as follows:

– The target reliability index is independent from the variability of barrier resistance
but it mainly depends on rock block dimension and impacting kinetic energy.

– RBD approach allows for the evaluation of the probability of failure of the designed
structure. Consequently, it becomes immediate the choice of the best strategy for
reaching the expected target probability of failure.

– The main limitation is the availability of wide dataset of real events for performing
solid statistical analyses.

– For rock mechanics problems, the use of probability of failure as an indicator for
calculating the residual risk should be preferred to the use partial safety factor. In
fact, by moving upwards the ellipses generated by average values and standard
deviation of design parameters it is possible to reduce the associated probability of
failure.

5 Conclusions

NTC-2018 and EC7 are mandatory for civil engineering geotechnical design, including
rock-engineering design. However, even though both the codes requires design to
adhere to the principle of limit state design, as highlighted in the presented examples, it
is not completely clear if current design practise can satisfy these requirements.

Moreover, actual EC7 and NTC-2018 are suitable only for the characterization of
continuous media, where particle scale is completely negligible, but not for jointed
media. Thus, rock mass characterization, failure mechanisms, how to quantify the
degree of fracturing and taking into account anisotropy are all aspect not mentioned in
the codes.

The codes should also suggest remote sensing techniques as tools for improving the
quality and quantity of data, useful for performing robust statistical analyses.

In rock mechanic problems, probability of failure should be used as an indicator for
evaluating structure residual risk and going beyond a single factor of safety.
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