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Abstract: Archaeological areas in the mountain region of central Italy can be seriously threatened
by geological hazards, and efforts are required to preserve cultural heritage. The Lucus Angitiae
is a pre-Roman site located along the western edge of the Fucino Basin, the largest continental
depression of central Apennines. The carbonate slope overhanging the area is affected by active
rockfall processes from two main rock escarpments. In this paper, rockfall assessment was pursued
through a 3D kinematic modelling, performed by adopting a probabilistic approach. Specific attention
was dedicated to the choice and calibration of the input data, based on field evidence and a literature
review. Two different sizes of wedge-shaped rock blocks were identified on rock escarpments, and
specific stability analyses were performed. Sensitivity analyses accounting for possible triggering
factors, such as water pressure increase and seismic action, were also carried out, together with an
investigation of the seismological characteristics of the area. The results of the numerical simulations
were used to design effective countermeasures in the framework of a mitigation plan for protection
of the archaeological site. Finally, clues of gravity-driven slope deformations at the slope scale were
documented, framing the rockfall process in a wider geological scenario.

Keywords: rockfall; probabilistic modeling; cultural heritage; Lucus Angitiae; central Italy

1. Introduction

Natural hazards, such as earthquakes, volcanic eruptions, and tsunamis, represent
a major concern for the safety and development of human society but, at the same time,
pose a serious threat to the conservation of tangible cultural heritage across the world [1].
Even landslides may represent a hazardous phenomenon, since they can damage access
roads and tourist paths to cultural heritage sites as recently observed, for instance, in the
Machu Picchu archeological site [2] or the Cinque Terre area [3]. In other cases, landslides
can directly threaten the integrity of sites located in mountainous regions and relatively
high relief areas [4–7]. For this reason, many efforts are being made for developing inter-
disciplinary approaches devoted to the assessment of landslide hazard in such areas [8–10],
also through new technologies such as remote sensing techniques [11–14], with the aim of
improving specific management plans [15–17]. In this work we analyzed active rockfall
processes threatening the Lucus Angitiae archaeological site, which is located north of
Luco dei Marsi, a small village in the Apennine region of central Italy (Figure 1). The
archaeological area retains traces of prehistoric huts and graves dating back to the X century
BCE (i.e., Before Common Era), but also remnants of pre-roman fortified walls, terraces,
and tanks. Indeed, before the Roman occupation (since the IV century BCE), an important
sanctuary dedicated to goddess Angitia was constructed in this place by the Marsi, an
ancient Italic population. According to the mythological tradition, Angitia ruled healing
and witchcraft and she has been identified with Greek Medea [18].
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Figure 1. (a) Aerial view of the study area along the western border of the Fucino Basin in central
Italy (see the upper right insight). The position of the Lucus Angitiae archaeological site and the local
road network (Circumfucense Road and lr_1-3) is also reported; (b) rock slope escarpments Es1 and
Es2 impending on the archaeological site. It is worth noting the presence of elastic barriers which
partially protect the site.

The rockfall activity is testified by tens of fallen rock blocks found along the piedmont
junction zone and into the archaeological area (Figure 2a–e). A rockfall event occurred in
December 2005 was reported by local newspapers (Figure 2f) and caused serious damage
to the archaeological site, including the collapse of protective roofs [19]. Due to the lack
of other historical records, the main aim of this work is limited to a rockfall susceptibil-
ity assessment. This goal was pursued through the Rotomap

®
software code [20,21], a

physically-based, spatially-distributed probabilistic model, which adopts a lumped-mass
approach [6,7,22–24]. The code performs a 3D probabilistic simulation considering the
lateral dispersion effects along slopes (unlike a 2D model). In this way, it was possible to
reconstruct: (i) possible rockfall trajectories; (ii) run-out distances; (iii) spatial distribution
of endpoints; (iv) spatial variations of specific kinetic energy and trajectory height for
dimensionless rock blocks.

Different volumes of design blocks were recognized by analyzing the size of the
inventoried fallen boulders and the characteristics of joints on rock escarpments. The
results of numerical simulations were used for drafting a mitigation plan which includes
efficacy evaluation of pre-existing retaining structures (Figures 1b and 2b) and the design
of new elastic barriers.
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Figure 2. Example of calcareous rock blocks which can be observed in different parts of the study
area. Specifically: (a,b) within the archaeological site; (c) along road lr_3; (d) in the middle sector
of the slope, blocked by a tree; and (e) nearby a wall along the lr_1 roadside; (f) local newspaper
reporting information about the rockfall event occurred in December 2005.

Geomechanical analyses highlighted two potential examples of rock wedge failures,
which may involve rock mass volumes varying from few to hundreds of cubic meters. In
both cases, the sensitivity of slope stability conditions to possible triggering mechanisms,
such as water pressure within cracks and seismic inputs has been investigated. In the last
case, input data were derived from a probabilistic analysis of seismic action.

Alongside these analyses, evidence of wide-open trenches on the eastern edge of the
mountain ridge are reported, allowing to infer that rockfall events can be considered as
secondary effects of gravity-driven slope deformations.

2. Geological and Geomorphological Setting

The Lucus Angitiae archaeological site is located along the western edge of the Fucino
Basin, the widest intermontane basin of the central Apennine belt (e.g., [25,26]). The basin
formed as a consequence of Late Pliocene-Quaternary normal faulting, which mainly
occurred on the northern and eastern margins [27–30]. Due to its tectonic setting, the area
is seismically active as testified by numerous historical earthquake events, such as the one
occurred in 1915 with Mw > 7 and IMCS > 6 [31–34].

The western edge of the continental depression is bordered by a mountain ridge made
up of Upper Cretaceous, shallow water, biodetritic limestone, and dolomitic limestone
(UCl in Figure 3a). Dip direction of bedding is towards E and NE, with dipping angles
ranging between 20◦ and 35◦ in the inner zones of the ridge and between 5◦ and 15◦

towards the slope edge (Figure 3b,c). Here, few outcrops of Middle Miocene bioclastic
limestone (MMbl) are separated from the underlying Upper Cretaceous limestone by a
paraconformity surface (Figure 3d). Finally, the local Quaternary sequence includes the
alluvial deposits of the Fucino Basin interfingered with talus slope and debris fan deposits
in the piedmont junction zone (Figure 3a).
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Figure 3. (a) Geological map of the study area. Legend: S_1 = geomechanical analysis site;
F1-F4 = faults intersecting trace of sections a-a’ and b-b’; (b), (c) geological sections); (d) slope-
parallel faults (F3-F4 and secondary splays), UCl = Upper Cretaceous limestone; MMb = Middle
Miocene bioclastic limestone; (e) particular of fault F3.

Normal faults, NNW-SSE trending and mainly ENE-dipping, affect the carbonate se-
quence nearby the slope edge (Figure 3a–e). Bedding rotation is clear in hanging-wall blocks
(Figure 3b,c). Such slope-parallel faults are closely spaced with single vertical displacement
in the order of few meters (Figure 3d). These features are dissected by a second system
of normal faults striking NE-SW and a third system oriented from E–W to WNW–ESE
(Figure 3a), which show a complex kinematics, including strike-slip displacements.

The morphological setting of the slope is highly influenced by the tectonic elements.
Two sub-vertical rock escarpments, Es1 and Es2 in Figure 1b, follow the trace of the main
NNW-SSE trending normal faults and have an average height of 20 and 10 m, respectively.
Slope cliffs are interrupted and separated by wide (up to 15–20 m) trench zones which
isolate long (tens of meters) rock slabs (Figure 4a,b). Trenches, slope dip breaks and counter
slope sectors (Figure 3b,c), reveal an articulated morphology and, likely, an ongoing
gravity-driven deformation.
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Figure 4. (a,b) Panoramic views of the tectonic-controlled escarpments Es1 and Es2 with evidence
of main trench zones. The source area of the 2005 rockfall event and first-order rock wedges can
be noticed.

3. Materials and Methods
3.1. Rock Blocks Inventory

Evidence of past rockfall events were pointed out through a detailed inventory map
including 69 erratic boulders. These blocks are mainly concentrated within the uppermost
part of the slope, along a N–S oriented channel at the foot of Es2, and into the archaeological
site (Figure 5a), while only a few blocks were observed at mid slope elevations and along
the local road networks.

Information regarding location, geometric features, dimensions (length, width, height)
and estimated volumes have been stored, for each rock block, in a GIS database. A
preliminary statistical analysis (Figure 5b) shows how the block volume ranges between
0.01 and 5.5 m3, with an average value of 0.66 m3 and a standard deviation equal to 1.82 m3.
The frequency histogram (Figure 5c) shows a clear bimodal, continuous distribution, with
a main and secondary peak in correspondence of 0.25 and 5 m3, respectively. The few large
(V > 3.0 m3) blocks were found only nearby the main escarpments, while the small-volume
blocks (generally <1 m3) were documented in the lower slope sectors only (Figure 5a).

3.2. Rockfall Probabilistic Modeling: Input Data

Several controlling factors can influence the down-slope propagation of rock blocks
and a probabilistic approach is needed to simulate phenomena with significant uncertainty.
Apart the slope geometry, the RotoMap® code requires as input data few parameters related
to the initial motion conditions, such as (i) location of detachment points; (ii) number and
values of starting velocities (following the free-fall phase) for each detachment point; (iii)
angular deviations from the maximum slope direction. Furthermore, the model calculation
is influenced by the spatial distribution along slope of the normal (Kn)/tangential (Kt)
elastic restitution coefficients and the dynamic friction angle (Φµd), which control the
bouncing and rolling phase of motion, respectively. In this paper, reference values for first
step modeling were inferred from a literature review; afterwards, values were calibrated
via back-analysis by comparing the numerical results with the inventory map of the rock
blocks, whose positions were assumed as endpoints of former rockfall events.

3.2.1. Slope Geometry

A 5 × 5 m cell-size Digital Elevation Model (DEM) was used as input data in the
RotoMap® code. From the base of Es1 and Es2, the slope topography shows a biplanar
geometry and can be simplified with a proximal sector, having an average slope angle
between 20◦ and 25◦, and a distal zone where the slope progressively decreases up to
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5◦ (Figure 3b,c). According to [35,36], the DEM resolution plays an important role in
controlling the simulation of rock blocks trajectories, since a low-resolution DEM would
not allow a realistic simulation of the lateral dispersion of falling rock blocks. However,
in the case of a simple slope geometry, a 5 × 5 m DEM can be considered suitable for
performing 3-D modeling [35].

3.2.2. Initial Motion Conditions

Rockfall simulations with Rotomap® code require a series of input data describing the
initial motion conditions of detaching rock blocks. These are considered as infinitely small
mass points regardless their three-dimensional aspects (shape, dimensions, orientation).
Most of these initial motion parameters can be evaluated from the geometric features
(i.e., length, height, and dip angle) of the escarpments identified as source areas. In detail,
the required parameters are the following:

(a) Number of starting points (nSp): Rotomap® simulates the detachments ì along a
starting line corresponding to the base of the cliff, from which the rock blocks move,
after the free-fall phase, with an initial velocity V0i 6= 0. Since any information was
available regarding the location of former rockfall source areas (except for the rock
scars of the 2005 event shown in Figure 4a), a conservative approach was adopted,
and starting points were placed along the entire length of Es1 and Es2 at a regular
distance of 5 m and at mid-point positions. Considering the length of Es1 (100 m) and
Es2 (80 m), 39 and 33 starting points were identified, respectively;

(b) Number of initial velocity (nV0), corresponding to the number of release points on
the cliff, on the vertical line of each starting point: uncertainty in initial velocity was
accounted for by considering different detachment elevations (Hi). Each V0i was then
calculated in correspondence of the starting line according to:

V0i = CS
√

2gHi, (1)

where Hi is the elevation difference between the release point i and the starting line, g is
the gravity acceleration; CS is a damping coefficient (0 < CS < 1) that accounts for possible
impacts of falling blocks on the rock slope edge.

Figure 5. (a) Rock block inventory map. Volume classes are reported in the upper right box. Yellow
lines represent the traces of the main rock escarpments Es1 and Es2; (b) basic statistical analysis;
(c) frequency histogram.
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In this study, three Hi values have been used for Es1 (i.e., 3, 6, and 10 m), and four
Hi values for Es2 (i.e., 5, 10, 15, and 20 m). CS was assumed equal to 1 considering the
sub-vertical cliff geometry. For Es1 and Es2, minimum and maximum V0 values equal to
7.67–14 m/s and 9.90 –19.81 m/s were calculated, respectively;

(c) Number of angular deviations (nAd) for each detachment point: this number rep-
resents the number of allowed initial motion directions out of the maximum slope
direction plane. This parameter accounts for the lateral dispersion of the trajectories.
Initially, four angular deviations with a maximum angle of 10◦ for each starting point
were assumed, and this choice was confirmed after the model calibration.

Finally, considering all the input parameters for each rock slope escarpment Rotomap
®

simulated a number of 3-D trajectories (nT) through Equation (2):

nT = nSp·nV0·nAd. (2)

A total of 996 rock block trajectories resulted from the numerical simulation, 468 from
Es1 and 528 from Es2.

3.2.3. Kinematic Parameters

A slope classification is required to identify terrain classes with different values of
kinematic parameters. Normal (Kn) and tangential (Kt) restitution coefficients can be
defined according to:

Kn = V f
n /Vi

n, (3)

Kt = V f
t /Vi

t , (4)

where Vf and Vi are rock block velocities after and before rebounds. These parameters
quantify the loss of energy during the impacts and consider the elasto-plastic deformation
of the ground surface. Kn and Kt values can vary between 1 (no energy loss during impact,
which means perfectly elastic impact) to 0 (i.e., perfectly plastic impact, which causes the
block arrest). Kn is conditioned by the material properties and impact condition on the
slope surface; for rotating blocks impacting at shallow angles Kn may result >1. Similarly,
the dynamic friction angle (Φµd) can vary between 0 and 1, depending on the slope dip
angle, the block size, and the ground roughness.

After a detailed geomorphological survey and aerial photographs analysis, six slope
classes were defined for the slope overhanging the Lucus Angitiae archaeological site
(Figure 6). Since in situ rockfall tests are strictly forbidden in the study area, the estimation
of the kinematic parameters was made through a detailed literature review (Table 1), which
comprises: field tests [24,37–46], back analysis simulations [35,41,47–53] and experimental
analogue modeling [54].

Figure 6. Slope terrain classification.
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Table 1. Literature review of kinematic parameters values for slope terrain classes recognized in the study area. Legend:
RS = Rock slope; TD = Talus Deposits; AV = Arboreal Vegetation; SV = Shrub-like Vegetation; GS = Grass-covered Soil;
AR = Asphalt Road.

RS TD AV

Kn Kt ϕµd Kn Kt ϕµd Kn Kt ϕµd

[38] 0.75–0.80 (k)

[55] 0.65–0.75 0.8–0.9 0.45–0.65 0.5–0.86 0.65

[56] 0.32 0.8 0.65

[57] 0.8 0.8

[47] 0.30–0.33 0.8–0.83

[40] 0.3–0.33 0.83–0.87

[58] 0.3 0.25

[42] 0.2 0.53

[44] 0.51–0.92 (k) 0.32–0.65(k)

[45] 0.75–0.90 (k) 0.40–0.45 0.55–0.70 (k) 0.65–0.80

[43] 0,3 0,61

[54] 0.4–0.6 0.65–0.9

[35] 0.35 0.7 0.6 0.35 0.65 0.55

[50] 0.65 0.8 0.3 0.35 0.55 0.7

[51] 0.65 ± 0.0175 0.75 ± 0.0275 0.25 ± 0.01 0.35 ± 0.0175 0.55 ± 0.0275 0.65 ± 0.03

[24] 0.6 0.8 0.2 0.4 0.63–1.4 0.65 0.2 0.4 0.7

min/max
aver. 0.594–0.765 0.714–0.737 0.287–0.24 0.362–0.397 0.604–0.655 0.65–0.582 0.275–0.282 0.616–0.626 0.625

aver. 0.6795 0.7255 0.527 0.3795 0.6295 0.616 0.278 0.621 0.625

SV GS AR

Kn Kt ϕµd Kn Kt ϕµd Kn Kt ϕµd

[38].

[55] 0.2–0.3 0.2–0.4

[56] 0.3 0.8 0.4 0.9 0.45

[57]

[47] 0.30–0.33 0.83–0.87 0.28–0.32 0.68–0.72 0.37–0.42 0.87–0.92

[40] 0.82–0.85 0.28–0.33 0.37–0.42 0.87–0.92

[58]

[42]

[44]

[45] 0.50–0.60 (k) 0.45–0.65 0.75(k) 0.40–0.45

[43]

[54]

[35] 0.33 0.75 0.5 0.3 0.7 0.6 0.45 0.7 0.6

[50] 0.15 0.2 0.85

[51] 0.15 ± 0.025 0.3 ± 0.015 0.8 ± 0.04

[24] 0.4 0.5 0.3 0.4 0.9 0.2

min/max
aver-
ages

0.315–0.33 0.8–0.823 0.5 0.284–0.302 0.485–0.491 0.6–0.488 0.456–0.473 0.831–0.848 0.413–0.425

averaged 0.3225 0.8115 0.5 0.293 0.488 0.544 0.4645 0.8395 0.419

3.3. Geomechanical and Sensitivity Analyses

Geomechanical analysis was completed at station S_1, in correspondence of the source
area of the 2005 rockfall event, along the base of main escarpments Es1 (Figures 3a and 4a).
Collected data were used to estimate the size of the missing or potentially detachable rock
blocks through the Swedge® software code [59].

In addition, strength parameters along the main discontinuities were evaluated. The
residual friction angle (Φr) was inferred by applying the relation proposed by [60]:

Φr = (Φb − 20) + 20(r/R), (5)
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where r and R are the Schmidt rebound values measured on weathered and unweathered
joint surfaces, respectively. A basic friction angle Φb = 35◦ for a generic unweathered joint
surface in dolomitic limestone was assumed by literature [61–66]. The Joint Roughness
Coefficient (JRC) and the Joint wall Compressive Strength (JCS) were also evaluated in-situ
for main joint sets. Stability analyses were then completed for rock wedges identified on
escarpments Es1, using the Swedge® code and adopting the strength criterion proposed
by [67]. Factor of Safety values (FS) were estimated under dry and static conditions.

As a last operation, we performed sensitivity analyses to investigate the role of water
pressure and seismic actions as potential triggering factors for rockfall events [68]. As
regards the first factor, different authors analyzed the water effect on rockfall/rockslide
occurrence, evaluating both critical water heights within upslope tension cracks [69,70]
and freeze-thaw episodes in cold areas, where ice which forms within cracks can lead
to failure [71–73]. In this study, water pressure (u) variation was simulated through the
“Percentage Filled Fissures” option in Swedge®, which allows to specify the average height
of water within joint surfaces as a percentage of the completely water-filled state. As
regards the seismic action, the sensitivity analysis was performed considering the FS versus
the seismic coefficient (a), which defines the seismic acceleration as a fraction of the gravity
acceleration. In the performed analyses, the seismic force was applied horizontally, in
correspondence of the centroid of the wedges.

3.4. Seismic Action Assessment DEM

According to a newspaper article (Figure 2f), the rockfall in 2005 was caused by heavy
rainfall. Nevertheless, the Lucus Angitiae archaeological site is located at the western border
of the Fucino Basin, which is one of the main seismogenetic area of central Apennines:
thus, an assessment of seismic input is advisable.

Since the rockfall process involves rigid bedrock material, the dynamic response of
the rock mass can be ignored, and the natural period of the sliding mass (Ts) may be
considered essentially zero [74]. This implies that the seismic action can be defined starting
from quantities such as the Peak Ground Acceleration (PGA) reference values.

Assessment of seismic action was derived from the results of the PSHA (Probabilistic
Seismic Hazard) map of Italy [75]. Specifically, a selection of PGA was carried out using a
probabilistic approach for the identification of the maximum reference seismic action for
the Lucus Angitiae site (lat: 41.971, long: 13.461).

Finally, using the REXEL code [76] a disaggregation analysis was also performed to
identify the magnitude (M) and epicentral distance (R) intervals, that provide a major
contribution to the seismic input.

4. Results

Given the initial motion conditions and kinematic parameters in Table 1, iterative
numerical simulations of rockfalls were performed. For each modeling step, results were
compared with the rock blocks inventory map. Trajectories were considered as reliable
when more than 60% of inventoried rock blocks (42 out of 69) were included within a 5 m-
wide buffer zone around accumulation areas identified by modeling (Figure 7a). Buffering
was imposed to account for uncertainty in GPS localization and possible remobilizations of
rock blocks along main roads.

Input and calibrated values for kinematic parameters are listed in Table 2. Differences
concern the decrease of Kt values for TD and AV (and partly SV) slope classes and an
increase of the same parameter for the GS class. The Φµd changed for the SV slope class only.
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Figure 7. (a) Selection of rock blocks falling within a 5 m-buffer distance around arrest points foreseen
by the model. Legend: W, L = width and length of accumulation area; (b) rock blocks inventory map
and arrest points contour lines (expressed as ppm/m2).

Table 2. Kinematic parameters Kn, Kt and ϕµd before and after calibration (main variations in italics).
Legend: RS = Rock slope; TD = Talus Deposits; AV = Arboreal Vegetation; SV = Shrub-like Vegetation;
GS = Grass-covered Soil; AR = Asphalt Road.

(Averaged Values in Table 1) Kn Kt ϕµd

RS 0.6795 0.7255 0.527

TD 0.3795 0.6295 0.616

AV 0.278 0.621 0.625

SV 0.3225 0.8115 0.5

GS 0.293 0.488 0.544

AR 0.4645 0.8395 0.419

(values after calibration) Kn Kt ϕµd

RS 0.6 0.7 0.45

TD 0.3 0.3 0.5

AV 0.3 0.3 0.5

SV 0.5 0.6 0.8

GS 0.4 0.8 0.5

AR 0.35 0.75 0.6

Figure 7b reports accumulation areas (arrest points) foreseen by the model and the
block inventory. The map shows how rock blocks falling from Es1 can reach the archaeolog-
ical site and local roads lr_1, lr_2 and lr_3. The maximum simulated run-out is compatible
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with rock blocks found along the northern tract of lr_3, 230 m far from Es1 (Figure 2c). A
lower run-out distance (about 170 m) characterizes rock blocks falling from Es2, which can
potentially reach roads lr_1 and lr_2, but not road lr_3.

The W/L ratio of the accumulation area (Figure 7a) is quite low (i.e., 350 m / 230 m
= 1.52): such a value is consistent with the simple, biplanar geometry of the Luco dei
Marsi dip-slope. Indeed, most of simulated trajectories show slight deviations from the
maximum slope direction (Figure 8).

Figure 8. Rock block trajectories map and location of present barrier (thick green line). Position of
two blocks shown in Figure 2c is indicated, featuring a 230 m maximum run-out distance.

Figure 9a shows the spatial variation of the specific kinetic energy ek (m2/s2) gained
by dimensionless rock blocks falling from Es1. A maximum value of 300 m2/s2 is reached
in the northern sector of the slope. Around the archaeological site and in correspondence
of local roads, ek varies from 50 to 150 m2/s2. A slightly higher maximum value, up to
350 m2/s2, characterizes the rock blocks falling from Es2 (Figure 9b), which would reach
the local road network (lr_1 and lr_2) with a specific kinetic energy ek ranging from 50 to
200 m2/s2. The last model output is the map of bouncing heights (Figure 10a,b). This map
shows that motion along slope basically takes place by rolling with short, few rebounds,
which reach maximum heights ranging between 6 and 7 m for Es1 and Es 2. At the western
side of the Lucus Angitiae archaeological site, bouncing heights is estimated to be 4 m
(Figure 10a).

Geomechanical measurements taken at station S_1 are reported in Table 3. Considering
the orientation of mechanical discontinuities (including bedding) and the polymetric
persistence and spacing of main joint systems, the geometry and volume of the rock block
detached in the 2005 rockfall were reconstructed. We assumed a complex wedge resulting
from the intersection of bedding (S0), elements of joint sets (J1) acting as tension cracks, and
fractures belonging to the other two sets (J2, J3) representing lateral releases (Figure 11a–c).
A missing volume of 230 m3 has been estimated for this detached rock wedge. First-order,
wedge-shaped rock pillars having similar dimensions and prone to fall can be observed
nearby S_1 (Figures 4a and 11d) and along Es2 (Figure 4b).

Secondary, minor spacing and persistence (both metric-scale) was observed for joint
sets J2 and J3 at station S_1. The joints characteristics are uniform along the entire length of
Es1 and Es2 and a second-order, missing or prone-to-fall rock blocks were identified and
reconstructed (Figure 12a–e). These blocks are characterized by lower volumes, ranging
between 2.5 and 5 m3, and a simpler geometry, which allows the blocks to slide along
intersection lines between J2 and J3.
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Figure 9. Specific kinetic energies ek map (m2/s2) for rockfall simulations from escarpment: (a) Es1;
(b) Es2.

Figure 10. Bouncing heights map (m) for rockfall simulations from escarpment: (a) Es1; (b) Es2.
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Table 3. Geomechanical analysis for main discontinuities at station S_1. Joint data are in Dip/Dip
Direction mode. The extreme bounce values of the Schmidt’s Hammer, discarded from the calculation
of r and R, are reported in italics. Legend: TC = Tension Crack; Φr = residual friction angle; JRC = Joint
Roughness Coefficient; JCS = Joint Compressive Strength.

S_1 Joint set J1 = TC—Main Plane: 84◦;75◦ Joint set J2—Main Plane: 170◦;77◦

R 48,53,52,54,50,36,46,40,42,36,38,49,48,41 38,32,48,32,38,44,32,42,44,48,48,42,48

R 54,51,48,55,46,50,58,50,48,56,52,44, 48,50 53,58,44,52,56,40,48,42,56,42,44,50,52

Φr (35–20) + 20(45.25/50.67)=32.86 (35–20) + 20(41.45/48.81)=31.98

JRC 8 10

JCS 80MPa 80 MPa

S_1 Joint set J3—Main Plane: 40◦;75◦ S0 = 92◦;31◦

R 44,32,48,38,46,44,34,40,48,42,32,38,44,40 32,44,34,32,44,48,36,32,40

R 48,54,58,46,54,46,44,44,56,58,46,48,50 44,50,48,50,44,46,52,48,44

Φr (35–20) + 20(40.83/50.251) = 31.25 (35–20) + 20(38.00/47.33) = 31.05

JRC 10 8

JCS 80MPa 80 MPa

Figure 11. (a–c) Geometric reconstructions (by Swedge® software) of the first-order rock wedge
detached during the 2005 rockfall event; (d) rock pillar with similar geometry and size on the
Es1 escarpment.

Given the geometry and size of missing—or potentially detachable—rock wedges and
considering the strength characteristics of main discontinuity surfaces (Table 3), stability
analyses were initially carried out assuming static and dry conditions. A factor of safety
(FS) equal to 1.97 has been estimated in a pre-failure condition for the first-order rock
wedge detached in the 2005 event (Figure 11a); and an FS equal to 2.86 has been calculated
for the second-order rock wedge (Figure 12a).

Results of the sensitivity analyses are reported in Figure 13. Both kinds of rock wedges
would reach instability conditions (FS < 1) in response to water pressure resulting from
86% water-filled cracks (Figure 13a,b). Alternatively, if we consider a horizontal seismic
force, the seismic input will cause collapse for seismic coefficient equal to a = 0.35 g and
a = 0.38 g in the case of first- and second-order rock wedges, respectively (Figure 13c,d).
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Figure 12. (a–c) Geometric reconstructions (by Swedge® software) of a missing, second-order rock
wedge observed at station St_1; (d) the detachment area; (e) similar rock wedge geometry observed
along Es2.

Figure 13. Sensitivity plots: (a) FS versus Water Percent Filled for first-order rock wedge; (b) FS versus Water Percent Filled
for second-order rock wedge; (c) FS versus Seismic Coefficient for first-order rock wedge; (d) FS versus Seismic Coefficient
for second-order rock wedge.

Finally, to estimate the maximum reference seismic action in the area, a probabilistic
analysis for the seismic input was carried out. Results are shown in Figure 14a, where the
set of PGA values are reported for different annual frequencies of exceedance. PGA values
have been derived from the results of the Italian Probabilistic Seismic Hazard map [74].
A PGA value equal to 0.246 g is expected in the area for a return period (TR) of 475 years
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(50th percentile), which represents the typical value employed for the preservation of
residential buildings [77]. Nevertheless, the level of protection for this site may be studied
assuming higher TR due to the necessity of avoiding any possible damage or collapse in the
longer term, ensuring a proper conservation of the cultural heritage. Thus, an analysis for
a TR of 2475 years (50th percentile) was performed and a PGA value equal to 0.435 g was
estimated. A disaggregation analysis was also completed using the REXEL code [75] to
assess the magnitude and epicentral distance (R) intervals that give a major contribution to
the seismic input. The disaggregation analysis highlights that the seismic hazard is mainly
due to events with magnitude ranging from 5.0 end 7 and distances between 0 and 20 km
from the archaeological site (Figure 14b, upper panel), although very low-rate events may
dominate the seismic hazard level (Figure 14b, lower panel).

Figure 14. (a) PGA as a function of the annual frequencies of exceedance; (b) disaggregation analyses for 475. years and
2475 years and for PGA (Ts = 0).

5. Discussion

The potential impact of natural disasters such as extreme meteorological events or
strong earthquakes on cultural heritage calls for effective response, deriving from a com-
prehensive study of the geohazard conditions. In this sense, currently existing protection
measures for the Lucus Angitiae archaeological site should be replaced or adapted. In
fact, the results of the probabilistic modeling indicate that the installed elastic barriers
(Figure 1b, Figure 2b, and Figure 2c) may arrest only blocks falling from Es1: specifically,
only the southern sector of the archaeological site is currently protected, (Figure 8).

Thus, an updated defensive system was planned by combining the modelled spatial
distribution of specific kinetic energies and bouncing heights with the estimated volumes
of rock blocks potentially detaching from Es1 and Es2. In this respect, different design
blocks (Db) were considered based upon geomechanical analysis and block dimensioning
at stations S_1 and statistical analysis of fallen rock block volumes.

The first design block (Db1) has a volume of 5 m3, which is consistent with the maxi-
mum dimensions of the observed and reconstructed second-order rock wedges (Figure 12),
and the higher mode of rock block frequency distribution (Figure 5c). The second design
block (Db2) has a volume of 2.48 m3, which was assumed considering the average volume
(0.66 m3) of rock block inventory increased by the standard deviation (1.82 m3) (Figure 5b).
The adopted value is consistent with the minimum size of second-order rock wedges on
Es1 and Es2 (i.e., 2.5 m3). It is important to notice that the most frequent value (0.25 m3) of
block frequency distribution was not considered for design due to the lack of evidence of
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small-size rock wedges for both Es1 and Es2. This inconsistency can be explained consider-
ing a large fragmentation for both Db1 and Db2 design blocks along trajectories (98% and
90.1%, respectively) (Table 4).

Table 4. Main characteristics of unstable wedges or rock escarpments, design blocks (Db), and
protection barriers.

Potentially Unstable
Wedges on Es1, Es2 Second-Order Second-Order First-Order

Volume (m3) 5 2.5 230
Design block (Db) Db1 Db2 Db1

Design block volume
(m3) adopted 5 0.66 + 1.82 = 2.48 5

Fragmentation to 0.25 m3 95% 90.1% Frag. from
230 to 5 m3 97.8%

Design block mass (kg) 12,500 6200 12,500
Design block weight (N) 122,625 60,822 122,625

Barriers
Specific kinetic energy

(m2/s2) 200 200 200

Impact energy (kJ) 2500 1240 2500
Energy absorption

capacity (kJ) 3000 2000 3000

Height (m) 4 4 4

In this respect, we are aware that a comprehensive mitigation plan should also include
rock blocks of greater size, comparable with the missing rock wedge on Es1 (230 m3) or
similar rock pillars outcropping on both Es1 and Es2 (Figure 4a,b and Figure 11d). However,
if we observe the rock block inventory in Figure 5a, it can be noticed that only one rock
block exceeds the Db1 volume (i.e., a 5.5 m3 boulder at the base of Es1), while only few
blocks with volumes between 3.01 and 5 m3 can be found in the uppermost part of the
slope. These clues then justify the above-mentioned fragmentation also for very large
blocks (97.8% to 5 m3) which, in turn, can be related to the persistent internal fracturing of
rock mass (Table 4). Therefore, the designed block Db1 can be assumed as representative
even of large rockfall events.

In the light of these considerations, a preliminary rockfall mitigation plan was de-
signed. Specifically, we defined the position and size of elastic barriers along the entire
perimeter of the archaeological site and the upslope border of local road lr_1 (Figure 15).
Along this alignment, the maximum specific kinetic energy ek is equal to 200 m2/s2, which
corresponds to different values of impact energy (kJ) as a function of the design block.
In the case of Db1, retaining structures must bear 2500 kJ at the impact and an energy
absorption of 3000 kJ is advisable to increase the security level. For the Db2 block an
energy absorption greater than 1240 kJ is required (2000 kJ). In both cases, the barriers
should be 4 m high to ensure that rockfalls with all possible trajectories will be contained
by the structure. As aforementioned, the 2005 rockfall event was triggered by heavy and
prolonged rainfall. This evidence is consistent with the results of the sensitivity analysis
for water pressure, since almost the entire length of mechanical discontinuities should
be water-filled to induce failures of first and second-order rock wedges (Figure 13a,b).
As regards the seismic action (applied along the horizontal direction), the results of the
sensitivity analysis reported in Figure 13c,d indicate that the PGA value expected for a
return period (TR) of 475 years (i.e., 0.246 g see Figure 14a), would not cause any rockfall
event, being lower than threshold values (i.e., 0.35 and 0.38 g). Only if we consider a larger
earthquake (TR = 2475 years), the corresponding seismic input (i.e., PGA = 0.435 g) could
induce rock block failures.



Geosciences 2021, 11, 521 17 of 21

Figure 15. Mitigation measures designed after modelling results which include the installation of
further barriers along the slope (thin, light blue lines).

Indeed, the contribution to the seismic hazard shown in Figure 14b is furtherly inves-
tigated through the analysis of the historical and instrumental catalogues [34], which show
how an intermediate (4.5 < IMCS < 6) to damaging (IMCS > 6) seismicity is expected for the
study area from low distance earthquakes (red box in Figure 16).

Figure 16. Mw-Distance pairs for events responsible of different macroseismic intensities, IMCS, at
the Lucus Angitiae site: red squares refer to IMCS ≥ 6, orange squares refer to 4.5 ≤ IMCS < 6, while
green squares to 3 ≤ IMCS < 4.5.

Thus, the safeguard of the Lucus Angitiae archaeological site in relation to rockfall
hazard should be correctly pursued considering the real extension and magnitude of the
rockfall processes. In this sense, further investigations are necessary to evaluate the stability
conditions over time of the rock slabs observed along the eastern edge of the slope. In fact,
the detachment of very large blocks, with volumes much higher than those estimated in
this study for the design blocks, cannot be excluded. These events should be considered as
a potential, catastrophic evolution of still unidentified gravity-driven processes acting at
the slope scale.

6. Conclusions

In this paper, a 3-D probabilistic model was performed to assess active rockfall pro-
cesses from a carbonate slope threatening the Lucus Angitiae archaeological site in central
Italy. Input data were defined based on geomorphological analysis and a critical review
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of the scientific literature. Numerical simulations were then performed using as main
constraint a comprehensive inventory of blocks identified along the slope. The results
emphasize how rockfalls represent a serious hazard not only for the archaeological site
but also for the local road network. Therefore, countermeasures such as retaining barriers
were designed by dimensioning two different design blocks, in agreement with inventory
statistics and evidence from source areas, including the detachment scar of a former rockfall
event documented in 2005.

Two different orders of missing or potentially unstable wedge-shaped blocks were
recognized on rock escarpments, with volumes ranging from 2.5 to few hundreds of cubic
meters. Stability analyses were first performed adopting a simple equilibrium method in
dry and static condition. Then, the sensitivity to water pressure variations and seismic
inputs was evaluated for both first- and second-order rock wedges. The role of seismic
action as triggering factor was acknowledged being the archaeological site located on the
border of the main seismogenetic area of central Apennine.

Finally, it can be hypothesized that rockfalls described in this work are only a sec-
ondary effect of a slope-scale rock slope deformation, which is driven by the tectonic
disarticulation of the carbonate mountain ridge. In this respect, geomorphological evidence
of a gravity-driven process is represented by large trench zones delimiting huge rock slabs
from which rockfalls can occur.
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