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The predisposition of a slope to generate rockfalls is related to the intensity of rock mass jointing and the
geometric arrangement of discontinuities intersecting the rock face. With the increasing use of terrestrial laser
scanner (TLS) in rock slope surveying, methods have been proposed to semi-automatically extract the spatial
properties of outcropping discontinuities from high-resolution topographic data. The present paper builds upon
one of such methods (named DiAna), and extends it to enhance the assessment of rockfall susceptibility over
steep rock walls. In particular, a Matlab routine (named DiAna-K) that incorporates a full three-dimensional
derivation of kinematic analysis principles is introduced. Kinematic tests for plane, wedge, block toppling,
flexural toppling, and free fall failure are formulated by explicitly accounting for the presence of overhanging
areas of the rock face as well as varying frictional strengths across different discontinuity sets, planes, or in-
tersections between planes. Results from a test application at an abandoned quarry site highlight the ability of
the proposed procedure to provide detailed insights into the kinematic feasibility of structurally controlled in-
stabilities. They also demonstrate the importance of properly defining failure mechanisms over steep (and

usually undersampled) topographies in order to derive realistic quantifications of rockfall hazards.

1. Introduction

Steep rock walls are characterized by a marked predisposition to
rockfall, which is defined as the detachment and subsequent fall,
bouncing, rolling, sliding, and deposition of rock fragments under the
influence of gravity.! As opposed to the flow-like behavior of rock av-
alanches, rockfalls show no significant interaction between individual
particles, meaning that their downslope propagation can be simulated
by numerical models based on rigid body ballistics.” This type of land-
slide represents a major hazard across most populated mountain land-
scapes and surface mining operations, affecting high slopes as well as
single bedrock outcrops. It may originate as a result of a wide variety of
slope instability mechanisms, involving from single pebbles to cata-
strophic failure of thousands of cubic meters.>*

The management of rockfall hazards and associated risks primarily
depends on the knowledge of the whereabouts and timing of rockfall
triggering. The timing is typically elusive: while accelerating displace-
ments leading to slope collapse and ensuing rockfall have been
reported,”” precursors are undetectable or very short-lived when in-
stabilities are relatively small in volume and/or in hard rocks. Many
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authors have therefore focused their attention on the concept of rockfall
susceptibility, namely the estimation of how likely rockfalls are at a
specific site—from the scale of single slopes to entire valleys. In this
sense, approaches can be broadly divided into two categories: fre-
quency-magnitude distributions of future rockfall occurrence may be
inferred from geological/morphometric parameters® '* and the compi-
lation of rockfall inventories®'®7; alternatively, location and type of
source mechanisms may be evaluated through explicit consideration of
rock mass structure.'®2! The latter approach is rooted in the notion that
the development of failure mechanisms is largely governed by the in-
tensity of rock mass jointing and the geometric arrangement of discon-
tinuities intersecting the rock face. The tendency to instability may then
be expressed in terms of factors of safety derived from
deterministic/stress-strain solutions (e.g., limit equilibrium, discrete
element), or in terms of the kinematic feasibility of block movement (e.
g., kinematic analysis). Deterministic/stress-strain solutions are
numerically more rigorous, but have a narrower applicability (usually
limited to the analysis of selected rock compartments) and must be
constrained by input data from extensive laboratory testing and field-
work. Methods predicated on the principles of stereographic-based
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Fig. 1. High-resolution true-colored point cloud of the quarry test site.

kinematic analysis, which aim to identify where the kinematic condi-
tions for block detachment are theoretically met, can rather be applied
expeditiously at the scale of entire slopes.

Advanced surveying instruments such as terrestrial laser scanner
(TLS) have now become common tools for the creation of high-
resolution three-dimensional models of steep rocky slopes, from which
not only the morphology of the terrain, but also orientation and other
relevant discontinuity properties can be extracted.?? >* This has proved
to be invaluable in vast, dangerous, or otherwise inaccessible scenarios,
where traditional scanline surveying cannot be carried out. Disconti-
nuity planes may be mapped either on polygonal meshes or directly on
raw point cloud data, and typically in much greater number than what is
practically achievable with traditional methods. Fitting routines may
require manual input from the user” or be semi-automatic. To cite just a
few examples from the second group, Voge et al.”° developed a series of
algorithms to identify discontinuity planes based on the angular devia-
tion of the nodes of polygonal meshes. Riquelme et al.”’ proposed a
method for grouping discontinuity sets in point cloud data by means of a
kernel density estimation and outlining single discontinuities by means
of a density-based clustering algorithm. Matasci et al.>! presented a
successful application of the Coltop3D code, which allows the definition
of discontinuity sets by computing dip and dip direction of each point in
the cloud with respect to a set of neighbors.

This increased capability of collecting topographic and rock mass
structural data now makes it possible to also refine the thoroughness of
kinematically-based rock slope stability assessments. The present paper
focuses on the enhanced quantification of rockfall hazards in steep rock
walls by exploiting high-resolution point cloud data acquired from
terrestrial laser scanning. The proposed analysis workflow is the
outcome from a decennial research effort on the topic and multiple field
experiences.”®° Building upon the semi-automatic extraction of key
discontinuity properties by means of the established DiAna”’ (Discon-
tinuity Analysis) approach, an upgraded Matlab routine (named

DiAna-K) is introduced to calculate the probability of structurally
controlled instabilities based on an extended three-dimensional deri-
vation of kinematic analysis principles. Indexes of rockfall susceptibility
are conceived to explicitly account for the presence of overhanging
surfaces—where failure of rock in tension may produce free fall mech-
anisms—and specific friction coefficients for discontinuity sets, planes,
or lines of intersection between planes. The term “overhanging” is herein
adopted to indicate a jutting portion of the rock wall that, contrarily to
“normal” rock wall areas, is oriented in the direction of lower elevation.
The main features of the method are highlighted by surveying a steep
rock wall at an abandoned quarry near the town of Florence (Central
Italy) historically affected by rockfall hazards.

2. Materials and methods
2.1. Test site and TLS survey

The method described in the next paragraphs was applied at the rock
wall of an abandoned quarry 5 km N of the town of Florence (Central
Italy). The SSW-NNE trending sub-vertical quarry face, with a height of
~25 m and a width of ~70 m, was excavated into Oligocene-Miocene
foredeep turbidites belonging to the Macigno Formation, consisting of
an alternation of medium to thick beds (up to 10 m) of coarse-grained
sandstones and thin, more sporadic beds of finer grained pelitic de-
posits. Instability mechanisms of different type and size arise from the
changing mechanical strength and tendency to weathering across the
various bedding strata, which are systematically intersected by high-
angle discontinuities. A RIEGL VZ1000 terrestrial laser scanner was
employed to collect high-resolution point clouds of the quarry face with
a mean spacing of 8 mm. Occlusions were reduced by performing ac-
quisitions from two different points of view, with a distance from the
rock wall of 25-30 m. Six marker reflectors were distributed across the
quarry floor, and their coordinates were surveyed with a geodetic Global



G. Gigli et al.

International Journal of Rock Mechanics and Mining Sciences 157 (2022) 105178

+20°

dip direction of the slope

region of potential
plane failure in
overhanging slopes

dip of the slope

daylight envelope

region of potential
plane failure in
normal slopes

friction cone

Fig. 2. Schematic illustration of plane failure in normal (a) and overhanging (b) slopes, with resulting kinematic analysis based on a lower hemisphere equal angle
stereonet (c). Regions of kinematic feasibility are identified by assuming a dip/dip direction of the slope of 80°/270° and a friction angle along the basal discontinuity

of 30°.

Navigation Satellite System (GNSS) receiver. This operation allowed the
correct alignment and georeferencing of the point clouds. During the
scan, an integrated Nikon D700 camera captured a series of partially
overlapping panoramic photographs that were subsequently stitched
together in order to drape the three-dimensional model of the rock wall
with its true colors. The final merged point cloud, generated through use
of the RiSCAN PRO software package, is composed of more than 100
million points (Fig. 1). The related polygonal mesh covers an area of

1043.42 rnz, with a mean mesh element size of 2.06 x 10> m?.

2.2. Brief overview of DiAna and derivation of full three-dimensional
kinematic analysis (Diana-K)

Modes of failure across rocky slopes can be examined using the
principles of stereographic-based kinematic analysis. Developed by
several authors,?®3¢~*! kinematic analysis of block stability is aimed at
identifying the areas of the rock face where the geometric arrangement
of discontinuities renders a structurally controlled failure kinematically
feasible. The approach is highly instrumental in predicting the most
probable rockfall source areas and designing appropriate containment
measures. Discontinuities are assumed to be infinitely persistent, and the
contribution to the joint shear strength to be exclusively due to friction.
The quality of outputs is naturally influenced by how well the sampled
discontinuities reproduce the actual rock mass configuration. Here, an
established semi-automatic approach named DiAna (Discontinuity
Analysis)®? was used to map discontinuities at the test site and extract
six of the associated key parameters suggested by ISRM** for their
quantitative description—namely orientation, JRC, number of sets,
spacing/frequency, persistence, and block size. Of these, the first two
can be directly inputted in subsequent kinematic analysis. Nonetheless,
the kinematic tests built into the upgraded Diana-K routine may also be
run by inputting discontinuity properties collected through traditional

geomechanical surveying or other semi-automatic methods. Likewise,
other techniques (e.g., photogrammetric surveying) may be used to
input topographic data into DiAna and DiAna-K; but, in the authors’
experience, TLS surveys are best able to model sharp edges and rough
surfaces, which so fundamentally characterize jointed sub-vertical rock
walls.

In short, the rationale of the original DiAna routine®® consists in the
creation of a voxel of space in the form of a searching cube that is
iteratively moved over the raw point cloud. A least-squares fitting plane
is then assigned to each sub-group of points. The user is required to
select a threshold value for the standard deviation of the best fitting
plane, on the basis of which the algorithm decides whether this corre-
sponds to a valid cluster. The appropriate threshold is calibrated
empirically according to searching cube size, point cloud resolution, and
rock face roughness. The searching cube must contain a predefined
minimum number of points—also function of point cloud resolution—to
avoid small unrepresentative clusters. Once a valid cluster is identified,
dip (ap) and dip direction (f,) of the fitting plane are calculated from:

a, = arctan (?) +0 1)
n
B, =arctan (\/ﬁ) (2)

where |, m, and n are the direction cosines of the plane, while Q is a
constant given by: Q =0° if I >0 and m > 0; Q = 360° if [ > 0 and
m<0; Q=180° if <0 and m< 0, or [ <0 and m > 0. Clusters
belonging to adjoining searching cubes and the same discontinuity set
are interpreted as being part of the same discontinuity plane, and are
therefore merged together. At the same time, the searching cube must be
of sufficiently small size to prevent clusters belonging to two closely-
spaced parallel discontinuities from being merged together. The
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Fig. 3. Schematic illustration of wedge failure in normal (a) and overhanging (b) slopes, with resulting kinematic analysis based on a lower hemisphere equal angle
stereonet (c). Regions of kinematic feasibility are identified by assuming a dip/dip direction of the slope of 80°/270° and an average friction angle along the

intersection of the two discontinuities of 30°.

complete discontinuity bounding polygons are eventually drawn by
applying a convex hull algorithm.

In Diana-K, after extraction of the discontinuity properties, kine-
matic tests are run by singling out the terrain mesh elements, the
sampled discontinuity planes, and the lines of intersection between
planes that are geometrically acceptable. In other words, through an
iterative process, the orientation of each mesh element is evaluated
against the orientation of each sampled discontinuity plane/intersection
(or possible combination thereof). This provides additional context for
the quantification of rockfall hazards, as opposed to solely making
reference to the mean orientation of discontinuity sets or tightly clus-
tered discontinuity orientations. Another notable feature is that, as the
input topography is meshed from a point cloud, failure mechanisms can
also be evaluated by means of dedicated kinematic tests for overhanging
rock wall areas. Sets of equations describing kinematic feasibility in
“overhanging” slopes can in fact be derived from simple stereographic-
based arguments (Figs. 2-6). This allow expanding the scope of stan-
dard guidelines for kinematic analysis, whose formulation has been
limited to “normal” slopes*' mostly because: i) the method is widely
employed in excavation and surface mining projects, where rock slope
designs almost never entail overhanging geometries; and ii) terrain
elevation data from aerial topographic surveying—of common use as
analysis input—are unable to capture overhanging geometries. The
extended kinematic tests built into Diana-K (see Paragraphs 2.2.1-2.2.5)
include consideration of plane, wedge, block toppling, flexural toppling,
and free fall failure mechanisms, with free fall only being feasible in
overhanging rock wall areas where pure tension controls block detach-
ment (i.e., no contribution of friction and no block sliding or rotation). In
accordance with suggestions by Matheson®®*° and Hudson and Harri-
son,* distinct friction angles may be assigned to planes/intersections.

At the test site, a traditional geomechanical survey was conducted

along a sample scanline at the bottom of the quarried slope to acquire
measurements of JRC and rebound number from Schmidt hammer
testing. Discontinuities were observed to be rough and planar, with JRC
measurements falling in the range 4-10. Such values are consistent with
those extracted from DiAna, which does so by moving searching cubes of
varying size along the selected discontinuity trace and measuring the
scatter in dip and dip direction of locally fitted planes.?® As the rock
mass has relatively small extent and consistent strength properties, for
convenience an average value of total friction angle (¢) was assigned to
each discontinuity set (Fig. 7) following the simplified Maksimovi¢’s
relation”® for low normal stress levels:

@=¢, +2JRC 3)

where ¢y, is the basic friction angle (whose values were inferred from
literature data on similar rock types).** A more selective assignment of
friction angles is unnecessary for the present aim of illustrating the
operational aspects of Diana-K. Moreover, as bedding moderately dips
into the slope and friction is mainly mobilized along the other sets of
joints dipping steeply out of the slope (Fig. 7), strength differences be-
tween these two types of discontinuity are deemed to have a minor in-
fluence on the analysis results.

2.2.1. Plane failure

Plane failure involves sliding of the block along a basal discontinuity
plane dipping out of the slope (Fig. 2). The upper end of the sliding
surface is assumed to either intersect the less steep upper slope or
terminate in a tension crack.*! If the constraint provided by lateral
margins is ignored, the conditions required for plane failure in “normal”
mesh elements are:

a, —20° < a, < a, +20° “4)



G. Gigli et al.

International Journal of Rock Mechanics and Mining Sciences 157 (2022) 105178

dip direction of the slope

region of potential block
toppling failure in overhanging
slopes (kinematic conditions
for the basal plane)

dip of the slope

dip direction of the slope +20°

region of potential block \

toppling failure in overhanging
slopes (kinematic conditions for
the intersection between lateral

Fig. 4. Schematic illustration of block toppling fail-
ure in normal (a) and overhanging (b) slopes.
Resulting kinematic analysis is based on lower
hemisphere equal angle stereonets (c), and depicts
the conditions for the basal discontinuity (upper
stereonet) and the intersection of the lateral discon-
tinuities (lower stereonet). Regions of kinematic
feasibility are identified by assuming a dip/dip di-
rection of the slope of 80°/270° and a friction angle
along the intersection of the lateral discontinuities of
30°.

daylight envelope

region of potential
block toppling failure in
normal slopes
(kinematic conditions
for the basal plane)

region of potential
block toppling failure
in normal slopes
(kinematic conditions
for the intersection
between lateral
planes)

planes)
region of extended
dip of the slope kinematic feasibility
for steep slopes
S
By < ©)
by>e O

where o5 is the dip direction of the slope, @, the dip direction of the
discontinuity plane, §, the dip of the discontinuity plane, w, =
arctan(tan f cos|as —ap|) the apparent dip of the slope along the dip di-
rection of the discontinuity plane (as derived from the true dip of the
slope f;), and ¢ the available frictional strength along the discontinuity
plane. In “overhanging” mesh elements, besides the dip of the basal plane
being greater than the friction angle (Eq. (6)), the other required con-
dition is:

(a, £ 180°) — 20° <, < (a, & 180°) + 20° %)

At any given element of the polygonal mesh, the susceptibility to
plane failure (Spy) is:

Sy = pr/N (%) (8

where Ny is the number of discontinuity planes satisfying Eqs. (4)-(6) in

“normal” mesh elements or Egs. (6) and (7) in “overhanging” mesh ele-
ments, and N is the total number of mapped discontinuity planes.

2.2.2. Wedge failure

Kinematic analysis of wedge failure requires appraisal of the geom-
etry of two mutually intersecting discontinuity planes (Fig. 3). The
conditions that must be satisfied for wedge failure to occur in “normal”
mesh elements are:

a, —90° < a; < a; +90° (C)]
B <w, 10$)
B > Peg an

where q; is the dip direction of the line of intersection between the two
planes, g; the dip of the line of intersection between the two planes,
v, = arctan(tan f; cos|as —a;|) the apparent dip of the slope along the dip
direction of the line of intersection between the two planes, and ¢.q is
the equivalent friction angle. The use of the equivalent friction angle
derives from the observation that, by simply using the mean friction
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Fig. 5. Schematic illustration of flexural toppling failure in normal (a) and overhanging (b) slopes, with resulting kinematic analysis based on a lower hemisphere
equal angle stereonet (c). Regions of kinematic feasibility are identified by assuming a dip/dip direction of the slope of 80°/270° and a friction angle along the steep
discontinuity of 30°.
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hemisphere equal angle stereonet (c). Regions of kinematic feasibility are identified by assuming a dip/dip direction of the slope of 80°/270°.
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Fig. 7. Contour plot of poles to discontinuities extracted from DiAna, repre-
sented on a lower hemisphere equal angle stereonet. BG: Bedding. JN1: Joint
set 1. JN2: Joint set 2.

angle of the two discontinuity planes (and therefore by strictly likening
wedge failure to sliding of a block along the line of intersection between
two discontinuity planes), Egs. (9)-(11) would be disproportionately
biased towards safety.®”>*! In reality, stability is also controlled by the
details of the geometry of the wedge, which can be expressed by the
wedge factor K according to:

sin y

k= &R (12)

where y is the angle of tilt of the wedge, as seen in the plane perpen-
dicular to the line of intersection; and ¢ is the included angle of the
wedge, again as seen in the plane perpendicular to the line of intersec-
tion.*! The equivalent friction angle is thus computed from:

tan ¢,, = K tang; 13)
where @; is the average friction angle along the line of intersection

resulting from the contribution of y, £, and the friction angles ¢; and @2
along the two discontinuity planes according to:

_ [l tan(&/2) 1 tan(&/2)
t i= |= t —— t.
angi [2 + 2 tan y an gyt 2 2tany e

14
In “overhanging” mesh elements, wedge failure may occur if Eq. (11)

is verified and Eq. (9) is reformulated into:

a; +90° < a; < a; —90° (5)

At any given element of the polygonal mesh, the susceptibility to
wedge failure (S,y) is:

Sur =1,s /1 (%) (16)

with I; being the number of intersections satisfying Egs. (9)-(11) in
“normal” mesh elements or Egs. (11) and (15) in “overhanging” mesh
elements, and I the total number of geometrically acceptable
intersections.

2.2.3. Block toppling
Block toppling involves rotation of the displaced block about a fixed

International Journal of Rock Mechanics and Mining Sciences 157 (2022) 105178

base. This mechanism typically recurs in bedded sandstone and
columnar basalt formations where orthogonal jointing is well devel-
oped. Individual columns are defined by three sets of discontinuities
(Fig. 4): two sets dipping steeply into the slope (i.e., sides); and a widely
spaced set gently dipping out of the slope (i.e., base).*! In Diana-K,
sliding along the basal discontinuity may occur in addition to rotation
(block-sliding toppling). The required conditions for block toppling
concern the orientation of both the basal plane (a;$y) and the line of
intersection (a;f;) between the two sets of lateral planes. For “normal”
mesh elements, these are enunciated as follows:

a, —20° < a, < a, +20° a7)
a; —20° < (a; £180°) < a5 + 20° 18)
By <, 19)

where in this case ¢ denotes the available frictional strength along the
basal plane, which must be greater than the dip of the basal plane if
block sliding is to be avoided. For “overhanging” mesh elements, condi-
tions (17-19) respectively turn into:

a, —20° < (@, + 180°) <a, + 20° (20)
a, —20° < a; < a, + 20° (21)
Bi <w, (22)

As shown in Fig. 4, in mesh elements where
Bi>90" —¢ (23)

the kinematic feasibility of block toppling may be extended by
accepting the condition®

a, —90° < (a; + 180°) < a, + 90° (24)

The equation expressing the susceptibility to block toppling failure
(Spyp) at any given element of the polygonal mesh is:

S :1% h’T'f (%) (25)
where Nps is the number of discontinuity planes satisfying Egs. (17) and
(19) in “normal” mesh elements or Eq. (20) in “overhanging” mesh ele-
ments, N the total number of mapped discontinuity planes, Iy the
number of intersections satisfying Eq. (18) in “normal” mesh elements or
Egs. (21) and (22) in “overhanging” mesh elements, and I the total
number of geometrically acceptable intersections.

2.2.4. Flexural toppling

Flexural toppling is distinguished by block toppling because it lacks a
well-defined plane at the base of the rock columns, which are mutually
separated by at least one set of steeply dipping discontinuities. This
mechanism involves rear tensile failure and interlayer slip of the rock
columns as they bend forward (Fig. 5)."' Typical examples are thinly
bedded rock masses in shale and slate in which orthogonal jointing is
poorly developed. Kinematic analysis of flexural toppling is unable to
account for the rock tensile strength, however the geometric conditions
that favor its occurrence have been extrapolated by Goodman.*° In
Diana-K, concerning ‘“normal” mesh elements and the set of steeply
dipping discontinuities (ap;f,), these are written in the form:

a,—20° < (a, % 180°) < a, +20° (26)
B,>¢+(90° —y,) @7

where in this case y; is the apparent dip of the slope along the dip di-
rection of the steep discontinuity. For “overhanging” mesh elements,
conditions are rewritten as follows:
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Fig. 8. Calculated susceptibility to rockfalls induced by plane failure at each element of the polygonal mesh. Results are superimposed on the point cloud of the

quarry slope.

a,—20° < a, < a, +20° (28)
B>+ (w,—90%) (29)
B, <w, (30)

At any given element of the polygonal mesh, the susceptibility to
flexural toppling failure (Sgy) is expressed by:

Spr =Ny /N (%) (31)

with Njr being the number of discontinuity planes that satisfy Egs. (26)
and (27) in “normal” mesh elements or Egs. (28)-(30) in “overhanging”
mesh elements, and N the total number of mapped discontinuity planes.

2.2.5. Free fall

Free fall excludes any component of sliding or rotational movement
of the displaced block. Detachment occurs through pure tensile failure
along at least a discontinuity (or line of intersection between disconti-
nuities) that is steeper than the rock face; that is, the rock face must be
oriented in the direction of lower elevation (“overhanging”) and the
geometric arrangement of discontinuities adhere to the classification of
underdip cataclinal slopes by Cruden.*® Depending on whether a single
plane is affected by tension or an intersection between planes is also
involved, further distinction may be made between plane free fall failure
and wedge free fall failure (Fig. 6). The required kinematic conditions
for free fall can thus be expressed by:

a,—20° < a, < a, +20° (32)

By > (33)

or, alternatively, by:

a; —90° < a; < a; +90° (34)

B>, (3%

As a result, at any given element of the polygonal mesh, the overall
susceptibility to free fall failure (Sg) is estimated according to:

Sgr=1—(1—=Syz) (1 = Sugr) (36)

where Sy and Iz are the susceptibilities to plane free fall failure and
wedge free fall failure, respectively. These two parameters are in turn
calculated from:

Sy =Ny /N 37
Supr =1y /1 (38)

with Ny being the number of discontinuity planes that satisfy Egs. (32)
and (33) and Iy the number of intersections that satisfy Egs. (34) and
(35). Again, N and I are the total number of mapped discontinuities and
intersections, respectively.

3. Results

The aforementioned kinematic tests help define the rock wall areas
that are more prone to structurally controlled instability, namely the
areas where rockfall hazard is greater. The susceptibility to rockfalls due
to a certain failure mechanism can be visually assessed by draping the
polygonal mesh according to a color ramp. The color of each mesh
element is determined by the locally computed value, on a range from
0% to 100%, of the susceptibility index in question (as derived from Egs.
((8), (16), (25), (31) and (36)). In general, there is no objective way to
determine what constitutes a high or low rockfall susceptibility, as this
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Fig. 9. Calculated susceptibility to rockfalls induced by wedge failure at each element of the polygonal mesh. Results are superimposed on the point cloud of the

quarry slope.

depends on the spatial distribution of the computed values as well as the
total number of sampled discontinuities and intersections. The proced-
ure is not to be seen as a replacement for field observations and geo-
mechanical analysis of single rock compartments, which are essential for
examining the continuity of highly susceptible areas, the presence of
weak structures, and the size of potential instabilities. Moreover, the
role played by external factors in promoting rockfalls (e.g., rainfall,
freeze-thaw, seismic activity, wind-induced leverage by tree roots) is
necessarily neglected.

Fig. 7 shows the contour plot of the poles to discontinuities (equal
angle, lower hemisphere projection) extracted from application of the
DiAna routine at the quarry test site. It should be noted that the classi-
fication into discontinuity sets is for illustrative purposes and does not
have any influence on Diana-K. The results of the rockfall susceptibility
assessment are then shown in Figs. 8-11. A dynamic perspective of the
quarry slope, intermittently overlain by the computed maps of suscep-
tibility to the different failure mechanisms, is also provided in Supple-
mentary Videos S1-S4. It is interesting to note that wedge (Fig. 9 and
Supplementary Video S2) and flexural toppling failure (Fig. 10 and
Supplementary Video S3) appear to be more likely from a spatial
perspective, as related indexes of susceptibility (Sysand Sgy) exceed 10%
in much of the rock wall area. However, as regards absolute values,
indexes of susceptibility exceeding 20% are only produced by the plane
(Spy, Fig. 8 and Supplementary Video S1) and free fall mechanisms (Sg,
Fig. 11 and Supplementary Video S4). These are concentrated in small
and extremely steep areas of the rock wall. Results for block toppling are
not depicted because related values of susceptibility (Spy) are always
lower than 1%. Fig. 12 indicates how different failure mechanisms may
be more likely in different parts of the rock wall: the single mesh ele-
ments are in fact colored based on the susceptibility index that locally
acquires the greatest value, granted that at least one of them exceeds 1%
(i.e., mesh elements are grayed out if no associated index of

susceptibility exceeds 1%). This confirms that wedge failure, and
secondarily flexural toppling, are statistically prevalent (comparatively
higher S, and Spy) at most points of the rock face, with the latter often
being confined to the lower half of the slope.

Supplementary data related to this article can be found at https
://doi.org/10.1016/j.ijrmms.2022.105178.

Validation of a procedure for rockfall susceptibility assessment may
be carried out in two ways: by direct observation of several rockfall
events and comparison of their source location with the predicted areas
of greater hazard; or by visual inspection of the rock wall to confirm
whether the predicted structures are actually identifiable at the surface.
The first approach may be very time consuming, as many years may
need to pass before a sufficient number of detectable rockfalls occur.
Since the investigated rock wall is of limited size and easily accessible,
ground-truthing was deemed as an efficient mean for results validation.
With the exception of the unlikely block toppling mechanism, some
illustrative photographs are provided as insets to Fig. 12. These
demonstrate that areas of higher computed susceptibility are consistent
with the presence of block geometries that are evidently prone to the
predicted mode of failure. It is also worth mentioning that high values of
susceptibility to free fall and wedge failure are located in proximity of an
overhanging area of the rock wall that was affected by a rockfall of
approximately 100 m® few years prior to the survey (panel ‘a’ in Fig. 12).

4. Discussion

Thorough quantification of rockfall hazards is strictly dependent on
realistic sampling of discontinuity and rock face orientations. In this
sense, the proposed Diana-K approach is founded on the ability of TLS to
produce three-dimensional representations of the observed scenario by
measuring with millimetric to centimetric accuracy the distance of a
regular pattern of millions of points in a polar coordinate system. With
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Fig. 10. Calculated susceptibility to rockfalls induced by flexural toppling failure at each element of the polygonal mesh. Results are superimposed on the point cloud

of the quarry slope.

the ever increasing availability of computing power, the extraction of
discontinuity orientations directly from raw point cloud data (as done in
DiAna) is a definite advantage with respect to mesh-based applications,
whose quality can be influenced by the distortion of polygonal surfaces
in the triangulation process.”’ In Diana-K, rockfall susceptibility is
subsequently assessed in similar semi-automatic manner on the basis of
stereographic-based kinematic analysis, hence it is treated as a geo-
metric problem solely driven by rock mass structure and rock face
orientation. Complex geometries involving multiple basal, rear, and
lateral release surfaces are not taken into consideration. The analysis
also excludes processes of intact rock fracture and external forces such as
water pressures or reinforcement, which can significantly influence
stability. Design procedures should entail preliminary kinematic anal-
ysis to identify where the conditions for block sliding or rotation are
more pronounced, and then focused deterministic/stress-strain analysis
to infer local factors of safety.*!

Predictions of kinematic instability have mostly been carried out in
previous studies by combining the orientation of mesh elements (or
point cloud data) with the mean orientation of discontinuity sets.?!*®
This is a major simplification with respect to the natural scatter of
discontinuity orientations in rock masses. To better deal with the issue,
some authors”**® proposed to treat discontinuity orientation as a
random variable, as for example in a Monte Carlo framework. These
works proved that, in rough rock faces with markedly non-uniform
orientation, little variations in input structural data may lead to kine-
matic evaluations significantly biased towards unsafety. Diana-K over-
comes the uncertainties inherent to modeling the distribution of
discontinuity orientations, since these are comprehensively sampled
from TLS data. Probabilistic context is rather provided by coupling
iteratively each mesh element with the orientation of each mapped
discontinuity/intersection (or possible combination thereof). It is
therefore assumed that any mapped discontinuity/intersection may
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intersect a given point of the rock face. Local susceptibility to a certain
mode of failure is consequently expressed by the relative amount of
features theoretically able to satisfy the associated kinematic
requirements.

The Diana-K routine also allows incorporation of additional spatial
arguments by assigning distinct weighting factors (D,,) to the disconti-
nuity planes inputted at each iteration step of kinematic analysis. This is
aimed at yielding results that better reflect local rock mass conditions,
and is achieved by measuring the distance (D) between the center of
gravity of the discontinuity planes and the center of gravity of the mesh
element under analysis. On the basis of two user-defined parameters,
namely threshold distance (T3) and maximum weight (M,,), the proba-
bilistic role played by a discontinuity in increasing rockfall susceptibility
at a given element of the polygonal mesh is estimated by rounding to-
wards the nearest integer the following equation:

D, =M,[(T,— D)/ T, 39

Eq. (39) indicates that discontinuities located at a distance from the
analyzed mesh element greater than Ty are excluded from related cal-
culations of rockfall susceptibility. Conversely, discontinuities located at
a distance equal to or shorter than T4 appear in the input sample as many
times as the weighting factor D,,. This adjustment is justified especially
for large rock walls, where different structural domains may prevail in
different sectors of the point cloud. Similarly, instead of exploiting
values that are averaged for each discontinuity set (as done in this
study), field observations may motivate the assignment of specific fric-
tion angles to highly weathered or damaged discontinuities of substan-
tially weaker strength.

Even though the presented quarry test site is characterized by a
relatively straightforward jointing pattern, the results highlight the
importance of properly addressing the sub-vertical nature of rock walls.
While the kinematic feasibility of wedge and flexural toppling failure is
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Fig. 11. Calculated susceptibility to rockfalls induced by free fall failure at each element of the polygonal mesh. Results are superimposed on the point cloud of the

quarry slope.

comparatively dominant over most portions of the surveyed face, in
absolute terms the highest hazard is attributed to plane and free fall
mechanisms potentially originating from highly steep areas of limited
extent. This kind of distinction, related to the presence of small-scale
overhangs, may not be obtained from traditional methods of rockfall
hazard assessment that employ airborne-based digital elevation
models.'%2%%%°0 On a similar note, Matasci et al.>! stressed the impact
of exfoliation-type discontinuities (i.e., discontinuities that are
sub-parallel to the rock face) on rockfall susceptibility in granitic and
debuttressed hard rock masses. In cases where the probability of failure
related to exfoliation discontinuities is relevant, a module of the Diana-K
routine can be switched on to calculate an “exfoliation susceptibility
index”: this serves to count how many discontinuity planes have a dip
within a predefined range (e.g., +10°) from the dip of a given element of
the polygonal mesh.

Another relevant information is the assessment of the overall sus-
ceptibility to rockfalls, regardless of mode of failure. It is in fact
reasonable to expect that rockfalls will be more frequent in areas where
kinematic freedom is achievable through multiple block geometries.
Overall rockfall susceptibility can be captured by a Global Kinematic
Index (GKI):

GKI=1— (1 =8,y = Ny = Sp) (1= Sur = Igy) (1 = Siy) (40)
where symbols have already been introduced in previous equations. The
first term in parenthesis defines the contribution to rockfall suscepti-
bility from the unfavorable orientation of discontinuity planes, the
second term by the unfavorable orientation of lines of intersection, and
the third term is solely descriptive of block toppling since this mecha-
nism is simultaneously controlled by both planes and intersections.
Results from GKI calculation at the quarry test site imply that, in the

most critical area of the rock wall (i.e., the mesh element where GKI is
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highest), 43% of the inputted structural features are theoretically able to
promote at least one mechanism of kinematic instability (Fig. 13 and
Supplementary Video S5). Illustrative photos in Fig. 13 highlight that
multiple feasible modes of failure, conspicuous rock mass damage, and
freshly exposed rockfall scars can be discerned in areas of high GKI.

With reference to active surface mining operations and artificial
slopes in general, another implication of the proposed procedure is that
it offers a framework to search for the geometric configuration of the
excavation that best minimizes rockfall hazards. A sensitivity analysis
can be performed to understand how indexes of rockfall susceptibility
are influenced by the dip and dip direction of the cut face. For example,
variations of GKI may be examined by hypothesizing different dip in-
crements for a fixed dip direction of the cut face; or alternatively, by
hypothesizing different dip direction increments for a fixed dip of the cut
face.”® This is particularly relevant in open-pit mines: as cut faces take
the full range of possible dip directions, their dip may be adjusted from
one pit sector to the other in order to meet a targeted level of safety.
Knowledge of feasible instability mechanisms is also informative for
interpreting the geometry of slope movement vectors, which in turn can
significantly affect the measurement accuracy of line-of-sight slope
monitoring techniques such as ground-based interferometric radar.”’
Displacement/velocity data may be corrected by estimating the sensi-
tivity of the sensor against the estimated direction of slope movement,
thus providing valuable context for the appropriate assessment of
ongoing instabilities and the calibration of related alarms.

5. Conclusions

The presented analysis workflow is concerned with the thorough
quantification of rockfall hazards from remotely sensed surface data. It
exploits semi-automatic routines for the extraction of discontinuity
planes (DiAna) as well as the assessment of structurally controlled
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Fig. 12. Estimation of the most likely mode of failure at each element of the polygonal mesh. Results are superimposed on the point cloud of the quarry slope. FF =
free fall; FT = flexural toppling; WF = wedge failure; PF = plane failure.
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Fig. 13. Calculated global susceptibility to rockfalls at each element of the polygonal mesh, regardless of mode of failure (GKI index). Results are superimposed on
the point cloud of the quarry slope. Panels a) and b): zoomed in photos of areas within the respective black boxes in the main figure, exemplifying that multiple
feasible mechanisms of block detachment, rock mass damage, and recent rockfall scars are apparent in areas of higher GKI.

rockfall susceptibility scenarios (DiAna-K). The procedure is not to be
viewed as a univocal replacement for traditional geomechanical
surveying, but rather as an approach that becomes an inevitable ne-
cessity to practitioners who must collect data in vast, dangerous, or
otherwise inaccessible environments. Potential modes of failure identi-
fied at the quarry test site agree well with evidences gathered in the
field, with the added benefit given by the ability to rapidly investigate
areas of large extent and marked steepness—including truly over-
hanging rock faces. Further steps, among which the possibility to assign
spatial weighting and distinct friction angles, can be taken to better
incorporate the characteristics of single discontinuities/intersections
into the analysis of complex scenarios. Further verification of the
method could be conducted by integrating the kinematic analysis out-
puts with spatially continuous slope deformation data or detailed
rockfall inventories at sites of frequent rockfall occurrence, with the goal
of deriving explicit correlations between statistically likely (i.e., pre-
dicted) and actually ongoing instabilities. The code implemented into
the Diana and Diana-K routines may be promptly run on a MATLAB
environment even by users who do not possess advanced programming
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skills.
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