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| ABSTRACT |

The Palatine Hill is among the main archaeological sites of Roman antiquity. Today, this place requires
continuous care for its safeguarding and conservation. Among the main problems, slope instabilities threaten the
southwestern border of the hill flanked by the Velabrum Valley, as also testified by historical documents.

The upper part of the investigated slope is characterized by Middle Pleistocene red-brownish tuffs known as
“Tufo Lionato”. The rock mass is affected by two jointing belts featuring the slope edge and its internal portion
with different joint frequency and distribution. The analysis of the geometric relationship between the joint
systems and the slope attitude evidenced possible planar sliding and toppling failure mechanisms on the exposed
tuff cliffs. Potential rock block failures threatening the local cultural heritage were contrasted with preliminary
works for site remediation. In addition, stress-strain numerical modelling verified the hypothesis of a tensile
origin for the jointing belts, suggested by fracture characteristics and orientation. A first modelling was limited
to the southwestern edge of the Palatine Hill and analysed the present stress-strain condition of the slope, proving
the inconsistency with the observed deformation. A second modelling was extended to the Palatine-Velabrum
slope-to-valley system to consider the role played by the geomorphological evolution of the area on the local
slope dynamics during the late Pleistocene-Holocene. Results demonstrate how original conditions of slope
instability, deformation and retreat along the Palatine western edge were determined by deep valley incision,
and controlled by deformability contrasts within the slope. Slope instability influenced the site occupation and
development during the Roman civilization, as also indicated by the remnants of retaining walls of different ages
at the slope base.
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INTRODUCTION

The Palatine Hill is located in the centre of Rome along
the eastern bank of the Tiber River Valley, where a main
bend of the river once received tributary streams such as
the Fosso Labicano, Vallis Murciae and Velabrum valleys
(Figs. 1; 2A).

The geological of the Palatine Hill and surroundings
is composed of a multilayer made by Middle Pleistocene
pyroclastic units and sedimentary formations featuring the
geology of the Roman area (e.g. Funiciello and Giordano,
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2008a,b). The Palatine Hill is shaped as a squared plateau
delimited by steep slopes on the western and southern
edges. The western slope is flanked by the Velabrum
Valley, an ancient and no longer existing secondary stream
of the Tiber River, which is in turn delimited by the eastern
slope of the Capitoline Hill. The southern edge is separated
from the Aventine Hill by the Vallis Murciae Valley (Figs.
1; 2A). The local geomorphological setting is the result of
the Middle Pleistocene-Holocene evolution of the Roman
area (upper left insight in Fig. 1), that was controlled
by the volcanic processes of the Albani Hills and the
Sabatini complexes and by the eusthatic-controlled, fluvial
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FIGURE 1 [ Map of the geological substratum in the Rome city centre on the eastern bank of the Tiber River, including the Palatine Hill (redrawn after
Funiciello and Giordano, 2008b). Upper left insight: geomorphological frame of the Roman area.
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FIGURE 2 [ A) The Roman Forum-Palatine-Coliseum archaeological area in the centre of Rome (image taken from Google Earth). The white box en-
compasses the study area in Figure 3A; B) panoramic view of the Palatine southwestern edge in a painting of the XVIII cen. AD, showing differential
erosion between tuff units and sedimentary deposits and unstable tuff rock blocks on the slope edge; C) tilted tuff rock block and fallen wall (see the
white box in Fig. 2B and Fig.3A for location); D) panoramic view of the investigated slope with remnants of retaining walls of different ages.
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dynamics of the Tiber River, flowing into the Tyrrhenian
Sea. The sea-level regression during the Wurm period,
ending with the last glacial maximum at about 20-18ka,
caused a pronounced erosion of the Pleistocene multilayer
carving the present fluvial drainage. In city centre areas,
fluvial erosion reached the Pliocene marine bedrock of the
city. The subsequent valley infilling following the sea-level
rise in the Late Pleistocene-Holocene finally determined
the present setting of the area (Conato et al., 1980; De Rita
et al., 1993; Marra and Rosa, 1995; Marra et al., 1995,
1998; Carboni and Iorio, 1997; Milli, 1997; Funiciello and
Giordano, 2008a,b). Tectonics had a limited role in the
geomorphological evolution of the Palatine Hill. At the
Early-Middle Pleistocene transition the main structures in
the Roman area were already formed along normal faults.
Very few Middle Pleistocene tectonic features characterize
sectors far from the investigated site (Faccenna et al.,
1995; Marra et al., 1995, 1998; Funiciello and Giordano,
2008b). In historical times, the same area assessed different
levels of damage due to several earthquakes from distant
seismogenetic sources; the strongest events originated in
the axial zone of the Apennine Belt (1349, 1703, 1915) and
were felt in Rome with macroseismic intensities of X-XI
degree of the MCS scale (Ambrosini et al., 1986, Molin
et al., 1986; Molin and Guidoboni 1989; Tertulliani and
Riguzzi 1995, Sbarra et al., 2012).

Nowadays, the Palatine Hill is enclosed within the
wider Roman Forum-Palatine-Coliseum archaeological
area, one of the most famous and visited archaeological
sites in the world (Fig. 2A). The southwestern edge of the
hill was inhabited since the Iron Age (X cen. BC) until the
Middle Ages (XV cen. AD); the hilltop hosts the remnants
of important religious buildings dated back to the Middle
Republican Age (Pensabene, 1998), such as the Vittoria
Temple (294 BC) and the Magna Mater Temple (191
BC) (VT and MMT in Figs. 2A, 3A). A general frame of
slope instability in this sector of the hill can be inferred
from different types of evidence. Episodes of rockfalls in
historical times are documented (Croci and Biritognolo,
1998; Pensabene, 1998) and mainly affected the jointed
tuff rocks exposed in the upper part of the slope edge
(Fig. 2B). Tilted rock blocks and fallen stony walls related
to past events can still be observed in the study area
(Fig. 2C). It is likely that these phenomena had already
affected the slope during the age of Ancient Rome. The
archaeological evidence of three orders of retaining walls
built in the Archaic (VI cent. BC), Republican (IV cent.
AD) and Early Imperial (I and II cent. AD) periods testify
a long history of slope modifications (Figs. 2D; 3A). In
addition, the recent elaboration of satellite interferometry
data (Casagli et al., 2010) has revealed negative vertical
ground motion west of the Magna Mater Temple (Figs.
2A; 3A), in an area where the geological bedrock is
exposed.
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For these reasons, the local Archaeological Board
commissioned a detailed analysis of the southwestern
edge of the Palatine Hill to investigate the potential slope
instability. If verified, this would threaten the safety of
the archaeological remnants and seriously hinder any
plans for the future development and fruition of the
area. Several methodologies were applied at different
scales of investigation. Tuff rock masses featuring two
separated jointing belts in the upper part of the slope were
characterised by i) geomechanical analysis and RMR
classification for the determination of rock mass quality
and ii) kinematic and geometric analyses (Markland’s
method and Hoek and Bray chart) to identify the possible
failure mechanisms determining localised rock blocks
instabilities. Considering the entire slope system, a 2D
stress-strain modelling was initially performed to verify
the consistency of the jointing belts observed in the tuff
rocks with the present stress-strain conditions. In a second
time, a further modelling approach analysed the local slope
dynamics within the evolutionary frame of the Palatine-
Velabrum slope-to-valley system in the Late Pleistocene-
Holocene time interval (Fig. 4). This last approach allowed
to test and support the hypothesis of a tensile origin for the
observed jointing belts under a past stress-strain condition
of the slope.

GEOLOGICAL SETTING
The Palatine Hill

Despite about 3000 years of human occupation and
intense urbanisation, a few outcrops have been preserved
along the western slope of the Palatine Hill. These outcrops
allowed to reconstruct the local stratigraphic setting (Fig.
3A, B) assisted by previous studies in the same area (De
Angelis-D’Ossat, 1956; Corazza et al., 2004; Cavinato et
al., 2010; Mancini et al., 2011).

The sedimentary deposits of the Santa Cecilia Formation
(Fm.) form the oldest outcropping unit in the study area,
also according to Funiciello and Giordano (2008b). Layered,
fluvio-lacustrine silts and clayey silts (with volcanic
material) of this unit were observed on the cliff bordering
the remnants of the Horrea Agrippiana (Fig. 3C), a
warehouse building of the I cent. AD (HA in Fig. 2A). From
the basal floor of the Horrea Agrippiana (13.5m asl), the
Santa Cecilia Fm. reaches a thickness of about 5Sm. These
deposits are overlain by the Palatino volcanic unit (Fig.
3B, C). This last is featured by a thin (10cm) basal layer of
airfall deposits covering a paleosol and followed upwards
by a lithoid, 3-m-thick, grey tuff layer with ash matrix. The
Palatino unit, which originated from a pyroclastic flow from
the Albani Hills at 533+5ka (Karner et al., 2001), is overlain
by a sequence of airfall deposits and pyroclastic rock layers
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FIGURE 3 | A) Map of the geological substratum in the southwestern edge of the Palatine Hill, underneath the anthropic deposits (redrawn after
Cavinato et al., 2010). MMT: Magna Mater Temple (Ill-1l cen. BC); VT: Vittoria Temple (lll cen. BC); I1B: remnants of imperial buildings (I-Il cen. AD; B)
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Vaticane Fm. (Upper Pliocene); C) outcrop at the Horrea Agrippiana; D) outcrop along the western slope with evidence of quarry excavation.
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belonging to the Prima Porta volcanic unit (Fig. 3B-D),
that derived instead from the Sabatini volcanic complex at
514+3ka (Karner ef al. 2001). The Prima Porta unit crops out
along the entire western slope of the Palatine Hill, with an
average thickness of 6m (from aproximately 21.5 to 27.5m
asl). Archaeologists name the Palatino and Prima Porta
layered, grey tuffs “Cappellaccio”. These basal tuffs are
distinguished from the younger, massive, red-brownish tuffs
of the Villa Senni volcanic unit (Funiciello and Giordano
2008a), featuring the uppermost part of the local geological
substratum and commonly known as “Tufo Lionato” (Figs.
2B; 3D; 5A, B). The “Tufo Lionato” is a pyroclastic flow
erupted from the Alban Hills at 357+2ka (Karner et al.,
2001) and it is about 4-6m thick in the area. It is locally
covered by the clayey and silty alluvial deposits of the Valle

Slope dynamics in the Palatine archaeological area

Aurelia Fm. (Fig. 3A, B), that have been mainly removed
from the hilltop by erosion or anthropic modifications.

Fluvio-lacustrine, yellow sandy silts are interlayered
between the Prima Porta and the Villa Senni volcanic units
(Figs. 3D, 5A,B). The thickness of this layer ranges from
less than 1 meters to approximately 4 meters along the
western edge of the Palatine Hill. This variation is due to
the irregular trend of the erosive basal surface on which the
Villa Senni tuffs were emplaced (surface IV in Fig. 3B).
Due to their stratigraphic position, these deposits can be
identified with the Middle Pleistocene Fosso del Torrino
Fm. or, alternatively, with the Valle Giulia Fm. (VGU), both
described in Marra et al. (1995; 1998) and Funiciello and
Giordano (2008a).
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FIGURE 5 [ A) Geological setting of the investigated slope; B) panoramic view of the Palatine southwestern slope in the 30's (from the archives and
with the permission of the Archaeological Board), showing also the trend of the Middle Republican (IV cen. BC) blocky wall along the slope base.
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FIGURE 6 [ A), B) Jointed tuff rocks (Villa Senni unit, i.e “Tufo Lionato”) on the upper part of the slope (external jointing belt); C) midslope tunnel (see
Fig. 5B for location) excavated along the Villa Senni - Fosso del Torrino geological boundary; D) sub-vertical open fracture within the Villa Senni tuff

at the end of the tunnel; E) on its left wall (internal jointing belt).

The Palatine-Velabrum slope to valley system

Borehole data around and within the Velabrum Valley
(Fig. 4A) were provided by the local Archaeological
Board. Coupled with field evidence, they allowed the
reconstruction of the geological setting of the Velabrum-
Palatine slope to valley system (Fig. 4B). A geological
section crossing the western slope of the Palatine Hill
and reaching the eastern edge of the Capitoline Hill is
illustrated in Figure 4C. It shows the sub-horizontal
attitude of the Middle Pleistocene multilayer on both
valley sides and the shape of the alluvial valley. The
erosive basal surface of the Holocene-Upper Pleistocene
alluvial deposits (mainly silts and clays with subordinate
sands and basal gravels) was carved down to 15-20m
below the present sea level within the Upper Pliocene
Marne Vaticane Fm., this last making the geological
bedrock of the entire Roman area. As aforementioned,
an intense and sustained erosion occurred during the
last Wiirm glacial period (about 116-18ka). Figure 4D

Geologica Acta, 11(2), 245-264 (2013)
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reconstructs the possible setting of the area during the
acme of valley incision at the last glacial maximum (about
20-18ka); such reconstruction will be further discussed
when considering the numerical modelling of the slope-
to-valley system.

SLOPE SURVEY AND GEOMECHANICAL ANALYSIS

The base of the Palatine southwestern slope is
composed by a 2.2-m-thick grey tuff outcropping from an
elevation of 25.3m asl and belonging to the Prima Porta
volcanic unit (Fig. 5A). The grey tuff sustains the remnants
of a dry-stone, blocky wall of the Middle Republican
Age (IV cen. AD) and is covered by a 4-m-thick level
of the Fosso del Torrino Fm. The upper part of the slope
is featured by the Villa Senni tuffs, reaching a thickness
of about 5Sm over the sandy silts. Finally, the top of the
slope is a terraced surface carved within the Villa Senni
tuff plate at approximately 37m asl and covered by the
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anthropic layer (FILL), which includes both infilling
deposits and archaeological remnants (Fig. 5SA,B).

The tuff rocks exposed in the upper part of the slope are
affected by jointing and moderate weathering; sub-vertical,
open fractures were observed extending throughout the
rock mass with a spacing between 0.4 and 1.6m (Fig. 6A,
B). This external jointing belt characterises the peripheral,
2-m-thick part of the slope. The exploration of a midslope
tunnel (Fig. 5B) excavated in the proximity of the Villa
Senni - Fosso del Torrino geological contact (Fig. 6C),
allowed to observe an internal jointing belt characterised
by vertical open fractures with a mean 3-m spacing;
all these fractures are oriented sub-parallel to the slope
edge and terminate downwards at the top of the Fosso
del Torrino silts (Fig. 6D, E). The internal jointing belt
extends between 7 and 10 metres from the tunnel entrance
and is separated by the external jointing belts on the slope
edge by an unjointed tuff rock zone. Inside the tunnel, it
was also observed the counter-dipping (3°- 4°) attitude of
the erosive surface separating the Villa Senni unit from the
underlying Fosso del Torrino deposits (Fig. 6C). The same

Slope dynamics in the Palatine archaeological area

surface has a horizontal to gently dip-sloping attitude on
the slope edge.

Figure 7 reassumes main evidence and data
collected during field survey. The geomechanical
log highlights the fractures distribution in the two
jointing belts. The tuff rock mass on the slope edge
was characterised by means of a geomechanical
analysis for the characterization of the joint systems
and the determination of the rock mass quality. Dip/
dip direction measurements on discontinuities were
taken on both the Villa Senni and the Prima Porta units
(see site locations in Fig. 3A). Data were plotted on
stereo nets and then main joints sets were evidenced
by box analysis (Fig. 7). The reduced amount of data
collected (approximately 70 measurements) was due
to the limited size of outcrops. Five joint sets were
distinguished within the Villa Senni outcrop and three
within the Prima Porta outcrop (Table 1). The Villa
Senni tuff rocks are affected by two main joint sets,
one sub-parallel to the slope edge (set 3) and the other
slightly oblique (set 1). Apart set 5, all joint sets feature
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FIGURE 7 [ Cross section through the Palatine southwestern slope (trace and wells location are shown in Fig. 3A). Joint data and field observation
are reported. Stereo plots for the Villa Senni and Prima Porta tuffs show main joint sets as indicated by box analysis (see also Table 1). The
geomechanical log illustrates joint distribution and spacing within the midslope tunnel.
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TABLE 1 | Dip/dip direction and characteristics of main joint sets within the Villa Senni and Prima Porta tuff rock masses. JRC: Joint Roughness Coefficient

Villa Senni unit (VSN1). Slope 88/308

Joint set dip/dip direction (°) spacing (m) length (m) opening (mm) roughness (JRC)

1 89/87 0.4
2 79/223 0.9
3 89/142 1.6
4 87/179 1.5
5 6/221 1.6

1-3 20-60 8-10; 10-12
1-3 20-60 8-10; 18-20
1-3 20-200 6-8; 14-16
1-3 20-60 6-8; 16-18
0.5-2 0.1-1; 6-20 6-8; 14-16

Prima Porta unit (PPT). Slope 86/252

Joint set dip/dip direction (°) spacing (m)

length (m) opening (mm) roughness (JRC)

1 79/263 1.5
2 78/238 0.9
3 89/200 0.4

1-4 60-200 14-16; 16-18
0.5-3 60-200; > 200 16-18; 18-20
1-4 60-200 16-18

sub-vertical, open fractures with both dip-slope and
counter-slope attitude (see stereo nets in Fig. 7).

Observations were made on the same outcrops by
adopting a scan-line surveying strategy for determining the
spacing, length, roughness, opening, infilling materials,
weathering and hydraulic conditions of the joint systems
and surfaces (Bieniawski, 1989). The open fractures are
partially filled by clay material derived from moderate
weathering on tuffs (soft filling). The Uniaxial Compressive
Strength values for the Villa Senni and Prima Porta rock
masses were estimated by an L-type Schmidt hammer
(Poole et al., 1980; Katz et al., 2000). All data are reported
in Tables 1 and 2. Data collected were used to determine
the rock mass quality in agreement with the Rock Mass
Rating classification by Bieniawski (1989). The basic
RMR (RMRb) was calculated separately for each joint
set, determining a mean RMRD values for the Villa Senni
and Prima Porta outcrops of 69.4 and 76, respectively. It
follows that the rock masses can be classified as good rock
and very good rock (Table 2). The lower RMRb value of
Villa Senni is due to the higher number of joint sets with
minor spacing.

KINEMATIC AND GEOMETRIC ANALYSIS OF THE
VILLA SENNI TUFF ROCKS

Markland method

To investigate the compatibility of joint sets with
different failure mechanisms, the Markland method of
kinematic analysis was applied (Markland, 1972). This
analysis was limited to the external jointing belt in the upper
tuff unit (Villa Senni), considering the highest number of
joint sets and the position on the upper part of the slope. For
this purpose, a residual friction angle ¢pr=30° for a generic
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weathered joint surface filled with soft material in the Villa
Senni tuff rocks was adopted, in agreement with values in the
literature for similar lithologies (Barton, 1974; Hoek and Bray,
1981). In the study area, the elevated value of the slope angle
(88°) induces a kinematic compatibility with planar sliding on
some discontinuities of joint sets 3 and 1. Sliding can occur
when joint dip direction is similar to that of the slope edge
(dip slope attitude), and the dip angle is lower than the dip of
the slope face (Fig. 8A, A’). However, when the sub-vertical
discontinuities of joint set 3 (and, subordinately, of joint set
1) are counter-dipping (reverse slope attitude), toppling may
occur; in this case, fractures of joint sets 2 and 4 act as lateral
kinematic boundaries for isolated rock blocks (Fig. 8B, B’),
with a spacing ranging from 0,9 to 1,5m (Tablel). Finally,
wedge sliding processes can be excluded because of the
sub-horizontal attitude of the intersection lines between sub-
vertical joint surfaces.

Possible failure mechanisms

The results of the kinematic slope analysis indicated a
compatibility with planar sliding and toppling processes for
some of the joint sets observed within the Villa Senni rock
mass. In addition, instability conditions of isolated tuff rock
blocks were verified by means of the Hoek and Bray (1981)
chart, where block sliding or toppling depends on several
factors including geometric parameters, as it follows:

i) block aspect ratio b/h (b=base length, h=height); ii)
dip angle of the basal surface (3); iii) residual friction angle
along discontinuities (¢r)

The geometric model of Fig. 9A illustrates the shape,
dimension and attitude of the jointed rock blocks on the
slope edge (external jointing belt). Note that the main joint
sets 2 and 4 are perpendicular and oblique to the slope
section, respectively, and are therefore not represented. To
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evaluate the conditions necessary for the sliding or toppling
of rock blocks on inclined basal surfaces, different failure
models were considered in the diagram by Hoek and Bray
(1981) (Fig. 9B,C):

i) in the first failure model (toppling I), rock blocks
are bounded by the reverse-slope fractures of joint sets
3 or 1, for which the Markland test revealed a kinematic
compatibility with toppling. In both cases, the rock blocks
stand on a basal surface corresponding to the Villa Senni
- Fosso del Torrino boundary, which locally shows a dip-
slope attitude (3°) on the slope edge. It follows (Fig. 9C) for
set 3 that h=H=4.5m, b=1.6m (joints are sub-vertical and

Slope dynamics in the Palatine archaeological area

thus the block base lengths are considered equal to the joint
mean spacing in Table 2) and b/h=0.35>tgf3,(3°)=0.05. For
set 1, h=H=4.5m, b=0.4m, and b/h=0.09>tgf3,(3°)=0.05.
Therefore, despite the kinematic compatibility with
toppling, the chart in Figure. 9B shows how large rock
blocks (about 7-11m?) bounded by the discontinuities of
set 3 and overlying the Villa Senni - Fosso del Torrino
limit would result stable. However, toppling may occur for
the thin rock blocks (about 2-3m?) delimited by fracture
planes of set 1 (see also Fig. 8B’);

ii) in the second failure model (toppling II), the basal
surface is identified with the low-angle discontinuities
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FIGURE 8 [ Results of the Markland analysis on the Villa Senni tuff rock mass for: A-A’) planar sliding; B-B’) toppling failure mechanisms.
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H = slope edge height =4,5 m

a = slope edge dip angle = 88°

h = rock block height (1,6-4,5 m)

b = rock block base length (0,4-1,6 m)

B1 = basal surface dip angle (VSN1-FTR boundary) = 3°
2 = basal surface dip angle (Joint set 5) = 6°

3 = basal surface dip angle (Joint set 3-1, dip slope) = 80°

or = residual friction angle along joint = 30°

C Possible block failure models

first failure model (toppling I)

(0]

set 3, reverse-slope attitude.

Basal surface = VSN1-FTR limit (dip angle f=3°):
B1<or e b/h =1,6m/4,5m = 0,33 > tgB(3°) = 0,05
[ J

set 1, reverse-slope attitude.

Basal surface = VSN1-FTR limit (dip angle f=3°):
B1<er e b/h = 0,4m/4,5m = 0,09 > tgB(3°) = 0,05

second failure model (toppling Il)
a

set 3, reverse-slope attitude.

Basal surface = Joint set 5 (dip angle B=6°):
B2<gr e b/h =1,6m/1,6m = 1,0 > tgB(6°) = 0,1
| |

set 1, reverse-slope attitude.

Basal surface = Joint set 5 (dip angle $=6°):
B2<¢r e b/h = 0,4m/1,6m = 0,25 > tgB(6°) = 0,1

third failure model (sliding)

®

set 3, dip-slope attitude (dip angle B3=80°):
B3>¢r e b/h = (1,6/4,5=0,35<tgB(80°)=5,67

(<]
set 1, dip-slope attitude (dip angle $3=80°):
B3>¢r e b/h = (0,4/4,5=0,09<tgB3(80°)=5,67

FIGURE 9 [ A) Geometric model of the jointed Villa Senni rock mass on the slope edge (external jointing belt); B) chart by Hoek and Bray (1981)
illustrating relationship among shape ratio (b/h) of tuff rock blocks, dip angle of possible basal surfaces (B) and residual friction angle along

discontinuities (¢ r); C) possible block failure models.

belonging to the main joint set 5 and rock blocks are again
delimited by joint set 1 and 3. It follows for set 3 that
h=1.6m; b=1.6m, and b/h=1.0>tg[3,(6°)=0.05. For set 1,
h=1.6m, b=0.4m and b/h=0.25>tgf3,(6°)=0.05. Similar
to the first failure model, the toppling of rock blocks
delimited by the discontinuities of set 3 is prevented by
the reduced inclination of the basal surface, whereas
toppling of the rock blocks delimited by fractures of set
1 are on the boundary between a stable and an unstable
condition.

Geologica Acta, 11(2), 245-264 (2013)
DOI: 10.1344/105.000001834

iii) the third failure model (sliding) considers as
basal surfaces those fracture belonging to joint sets
3 and 1 having a dip-slope attitude. The Markland
test evidenced a kinematic compatibility with sliding
processes along these discontinuities (Fig. 8A, A’).
Considering a common mean dip angle of 80°, other
geometric parameters are (Fig. 9C): h=4.5m, b=1.6m
and b/h=0.35< tgf;(80°)=5.67 for blocks delimited by
set 3; h=4.5m, b=0,4m and b/h=0.09< tgf3;(80°)=5.67
for blocks delimited by set 1. In both cases rock blocks
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TABLE 2 | RMR classification for the Villa Senni and Prima Porta tuff rock masses. UCS: Uniaxial Compressive Strength; Jv: Joint Volumetric Index;
RQD: Rock Quality Design; MSP: Mean Spacing; DC: Discontinuity Conditions; RMRb: basic Rock Mass Rating; GSI: Geological Strength Index

RMR for the Villa Senni unit (VSN1)

Set P1(UCS) rating P2 (Jv;RQD) rating P3 (MSP) rating P4 rating P5 rating RMRb GSI Class
(MPa) (m-1;%) (m)

1 36 4 5.4;96.9 20 0.4 10 DC4 17 dry 15 66 61 I - good rock

2 36 4 5.4;96.9 20 0.9 10 DC4 15 dry 15 64 59 Il - good rock

3 36 4 5.4;96.9 20 1.6 15 DC4 16 dry 15 70 65 Il - good rock

4 36 4 5.4;96.9 20 1.5 15 DC4 17 dry 15 71 66 Il - good rock

5 36 4 5.4; 96.9 20 1.6 15 DC5 22 dry 15 76 71 Il - good rock
mean 69.4 64.4 Il - good rock

RMR for the Prima Porta unit (PPT)

Set P1(UCS) rating P2 (Jv;RQD) rating P3 (MSP) rating P4 rating P5 rating RMRb GSI Class

(MPa) (m-1,%) (m)

1 24 2 4.3; 100 20 1.5 21 DC4 15 dry 15 73 68 |- verygood rock

2 24 2 4.3; 100 20 0.9 23 DC4 21 dry 15 81 76 |- verygood rock

3 24 2 4.3; 100 20 0.4 21 DC4 16 dry 15 74 69 |- very good rock
mean 76 71 1-verygood rock

are prone to planar sliding, eventually evolving into
toppling (Fig. 9B).

NUMERICAL MODELLING

A tensile origin for joints within the Villa Senni tuffs
can be hypothesized, on the basis of several clues:

i) the presence of joint sets with orientation parallel
to the slope edge; ii) the joints downward termination
on the Fosso del Torrino sandy silts; iii) the presence of
deformability contrasts for overlapped lithologies; iv) the
lack of a confining, lateral pressure

The main causes of joints development could be the slope
retreat resulting from valley incision, slope instabilities due
to differential erosion (Fig. 5B), or even slope excavations
for blocks undermining (Fig. 3D). Nevertheless, the role of
each one of these factors cannot be infered nor quantified.

To verify the stress-strain congruency of the tensile
origin, numerical modelling was carried out by the FDM
(i.e. finite difference method) code FLAC 7.0 (Itasca, 2011).
Two approaches were followed: the first one considered
only the southwestern slope of the Palatine Hill, the second
one analyzed the local slope dynamics in the wider context
of the Palatine-Velabrum slope-to-valley system.

Main remarks on modelling construction
Modelling was built taking strictly into account the

geological setting of the area and the mechanical properties
of tuff units and sedimentary deposits. Furthermore, in

Geologica Acta, 11(2), 245-264 (2013)
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both models the stress-strain conditions were reproduced
from the deposition of the Villa Senni tuff until the present
configuration. The lithological types Prima Porta and Villa
Senni can be considered as weak rocks due to their low UCS
value (Bieniawski, 1989, see Table 2). These materials were
treated as a continuum, because jointing mainly affects the
external slope portion whereas the inner portion is unjointed or
with a small number of discontinuities (Fig. 7). Consequently,
the FLAC code was chosen for its ability to analyse continuum
media and detect the possible locations of tension failures.

The physical and mechanical properties of the
sedimentary formations (Santa Cecilia, Fosso del Torrino,
RAd) were obtained from a geotechnical characterisation
recently completed in the Palatine area (Cavinato et al.,
2010, see Table 3) for seismic microzonation (Moscatelli
et al., 2012). The Fosso del Torrino natural unit weight was
determined by laboratory tests. The strength data for the Villa
Senni were obtained from triaxial tests (unpublished data) and
deformability data from site tests (Bianchi Fasani ez al., 2011).
For the Prima Porta and Palatino volcanic rock masses,
physical and mechanical parameters were derived from the
technical literature (Ottaviani, 1988 and references therein).

An appropriate constitutive law was assigned to
each formation: all were characterised by an elastic-
perfectly plastic constitutive law with a Mohr-Coulomb
failure criterion. For the Villa Senni, Prima Porta and
Palatino volcanic tuffs this law was combined with the
Griffith criterion (Griffith, 1920) for the tensile stresses.
Consequently, for those formations. described by a
Mohr-Coulomb constitutive law, the tensile strength was
computed as t=c-cot ¢, while for those described by a Mohr-
Coulomb+Qriffith constitutive law the tensile strength
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was computed as t=c/2 (Table 3). Roller boundaries were
applied on both sides of the models and a fixed boundary
condition was applied at the basis.

Secondary remarks about the developed engineering-
geological models are:

i) the value of the natural unit weight of the anthrophic
layer (FILL in Table 3) is much higher than the value
expected for a soil that originated from the weathering of
tuff rocks. This assumption is consistent with the historical
context of the site. Over centuries, Romans built several
edifices in this area of the Palatine Hill using materials
such as tuff blocks, clay bricks and basalt blocks. The unit
weight of clay bricks and basalt blocks is higher than that
of tuff blocks. At present, the ruins and pieces of these
buildings constitute the FILL layer (Fig. 5B), that was
included in some steps of the numerical modelling;

ii) pore pressure effects were neglected. In the study
area, the main groundwater table is at an elevation of
approximately 7m above sea level (De Angelis D’Ossat,
1956, Cavinato et al., 2010), much lower than the elevation
of the investigated slope (between 25.3 and 37m asl) and

Slope dynamics in the Palatine archaeological area

therefore only rainwater affects the unsaturated zone. In
addition, long-lasting slope deformation processes under
a constant load are not seriously affected by groundwater
table fluctuations;

iii) slope evolution in the Palatine area was analyzed
under no significant compressive or tensile tectonic stresses,
accordingly to the Quaternary evolution of the Roman
area. Therefore, an at-rest stress state was considered for
all lithologies in each modelling step.

First approach: the Palatine southwestern slope

A regular square grid with an accuracy of 0.5m able to
represent the geologic section of Figure 7 (86m wide and
31m high) was adopted in modelling setup. The initial stress-
strain equilibrium was calculated considering the situation
after the deposition of the Villa Senni tuffs. These last and
the underlying geological layers were originally extended
westwards to the Capitoline Hill with a sub-horizontal
attitude (Fig. 4). After the initial equilibrium, the slope retreat
until the present position was reproduced in four steps using
a sequential approach (I-IV in Fig. 10A); the presence of the
fill layer was considered in the last retreat step only.

PALATINE SW SLOPE
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FIGURE 101 Results of the stress-strain numerical modelling performed reproducing cross section in Figure 7 (see trace in Fig. 3A) and considering
the slope evolution since the deposition of the Villa Senni unit. Geological units are distinghuished by colours and codes: A) no failure or jointing is
developed under the present stress-strain conditions and the slope is in a stable condition; B) plot of the minimum principal stresses nearby the
slope edge: tensile stresses are positive (and light-blue coloured), compressive stress are negative.
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TABLE 3 [ Physical and mechanical parameters of lithologies for numerical simulations. v,: natural unit weight; E: Young’s modulus; v: Poisson’s
ratio; G: Shear modulus; K: Bulk modulus; c¢: cohesion; t: tensile strength; o: friction angle. FILL: anthropic deposits, for the legend of other

geological fms. refer to Figure 3A

Yn E Y G K c t [0)

Constitutive law kN/m?® Pa Pa Pa Pa Pa (°)

FILL Mohr-Coulomb 20 1.50x10" 0:30 5.77x10° 1.25x10° 5.00x10° 1.07x10* 25
RAd Mohr-Coulomb 19 1.50x10" 0:35 5.56x10° 1.67x10" 1.40x10* 3.00x10* 30
AEL  Mohr-Coulomb 18 1.50x10" 0:35 5.56x10° 1.67x10" 4.00x10* 8.58x10* 25
VSN1 Mohr-Coulomb+Griffith 15 3.00x10° 0.22 1.23x10%® 1.79x10° 3.20x10° 1.60x10° 37
FTR Mohr-Coulomb 16 3.00x10" 0.35 1,11x10" 3.33x10" 4.00x10* 6.93x10* 30
PPT Mohr-Coulomb+Griffith 12 3.30x10° 0:20 1.38x10° 1.83x10%® 3.65x10° 1.75x10° 42
PTI  Mohr-Coulomb+Griffith 16 4.00x10° 0.18 1.69x10° 2.08x10® 4.00x10° 2.00x10° 42
CIL  Mohr-Coulomb 19 5.00x10" 0.35 1.85x10" 5.56x10" 1.40x10* 3.08x10* 31
MV Mohr-Coulomb 21 4.00x10° 0:25 1.60x10" 2.67x10" 1.00x10° 1.73x10° 30

Tensile strength t: for materials with a constitutive law Mohr-Coulomb t=c cotg o; for materials with a

constitutive law Mohr-Coulomb+Giriffith t=c/2

Data for CIL, FTR and RAd from Cavinato et al. (2010) and original laboratory tests (FTR)
Data for VSN1 from Bianchi Fasani et al. (2011) and laboratory tests (unpublished data)

PPT and PTI data from Ottaviani (1988, and reference therein)

Data for AEL and MV from Ventriglia (2002) and Bozzano et al. (2006)

The results show that after the retreat till the present
position, the slope is essentially stable (Fig. 10A). As
evidenced by the distribution of minimum principal
stresses (Fig. 10B) the peripheral portion of the Villa Senni
tuffs is interested by tensile stresses (positive in the plot
and light-blue coloured). However, these conditions do
not determine the formation of tensile joints. Compressive
stresses are negative and prevail in the remaining slope
portion without exceeding anyhow the local strength
values. Present tensile stresses are due to the deformability
contrast between the Villa Senni tuffs and the Fosso del
Torrino sandy silts, with a 1:1 thickness ratio.

Second approach: the Palatine-Velabrum slope-to-
valley system

The geological section (120x88m) reproduced in
the second model setup by a regular square grid with an
accuracy of 2m is derived from Figure 4C, D. Three cases
corresponding to different geomorphological settings were
simulated (Fig. 11).

Case A refers to the maximum incision of the Velabrum
Valley at the last glacial maximum (about 20-18ka): the
river had excavated into the Pliocene bedrock, but no
significant alluvial deposition had started (Fig. 11A).
Modelling results show that a wedge-shaped slope portion
of about 30m from the valley border became unstable
due to the deformation in the Santa Cecilia and Fosso del
Torrino fms. Tensile fractures originated within tuff layers
(Fig. 11A").

Geologica Acta, 11(2), 245-264 (2013)
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Case B considers the Velabrum Valley being partially
filled by alluvial deposits confining the MV bedrock
(consistently with E-I boreholes data in Fig. 4C). This
case may correspond to the period preceding the site
occupation, when the water table at the base of the Santa
Cecilia deposits gave origin to several foothill springs
(Pensabene, 1998). Likely, the Palatine western slope was
already retreated with respect to case A, but the retreat
amount is unknown. As a consequence, the same slope
profile (Fig. 11B) was adopted in order to better compare
modelling results. Even in this case (Fig. 11B’), a slope
portion of about 30m is involved in instabilities induced by
the deformation of the Santa Cecilia and Fosso del Torrino
fms., but the displacement value calculated by the code for
case B (2m) is about a third of case A (6m).

Case C reproduces the current situation, with the
Velabrum Valley filled by both alluvial and anthropic
deposits and the slope in its present position (Fig. 11C).
The slope is in an overall stable condition (Fig. 11C’),
thus confirming evidence from the first modelling (Fig.
10).

Results of the second modelling approach pointed
out that slope dynamics was influenced by the stress
release consequent to deep river erosion in the Velabrum
Valley (down to the Pliocene bedrock). In addition, the
deformation and retreat of the Palatine western slope
(cases A and B) were controlled by the deformability
contrasts given by the double overlapping of sedimentary
and volcanic fms. (Palatino + Prima Porta on Santa
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FIGURE 11]A) Results of the stress-strain numerical modelling reproducing part of cross-section in Figure 4 and considering the geomorphological
evolution of the Palatine-Velabrum slope-to-valley system in the Late Pleistocene-Holocene: A-A’) Case A, valley incision at the last glacial maximum;
B-B’) Case B, slope confinement by alluvial deposits; C-C’) Case C, further confinement by anthropic backfill deposits.

Cecilia and Villa Senni on Fosso del Torrino). These
evidences confirm the tensile origin of joints within the
Villa Senni tuffs.

DISCUSSION

The analyses performed in this work dealt with different
issues at different scales: i) the localised instabilities along
the southwestern slope of the Palatine Hill, and ii) the
origin of brittle deformation in jointing belts along and
inside the slope.

Jointed tuff rocks were characterized by means of a
geomechanical analysis and RMR classification. The UCS
values and the RMR rating indicated the Villa Senni tuffs
as weak rocks of very good quality. The Markland tests and
the Hoek and Bray criterion applied to the external jointing
belt evidenced the compatibility of some joint sets with
planar sliding and toppling failure mechanisms. Although
toppling is partially inhibited by the very low dip angles
of the basal surfaces and the thickness of rock blocks,
nevertheless it must be considered that pronounced erosion
of the underlying Fosso del Torrino silts may increase

Geologica Acta, 11(2), 245-264 (2013)
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susceptibility to failures. The documented instability
of the Villa Senni rock cliffs represents an elevated risk
condition because rock failures may cause damage to the
vulnerable, Middle Republican (IV cen. BC) retaining
walls at the slope base (Figs. 2D; 5A,B). These walls
represent an extraordinary witness to the site occupation
and modifications. Moreover, the upper terraced surface of
the Villa Senni tuff plate hosts - nearby the slope edge -
important traces of the Iron Age occupation of the area (see
also Fig. 12C’).

To reduce risk conditions, works for site remediation
were realised with the primary goal of strengthening the Villa
Senni tuff rocks (Fig. 12). This goal was achieved by several
operations, including a preliminary cleaning of the slope
surface. Then, a 3-metres-long perforation was made with
a ¢ 32-mm core drill in each tuff rock blocks. Rock bolts
were fixed with a bicomponent, epossidic resin (Fig. 12A-
A’). Afterwards, the main open fractures were cleaned and
sealed with hydraulic mortar containing volcanic ashes (Fig.
12B-B’). Finally, a TiO,-based, water-proof film was spread
over the slope top surface (Fig. 12C-C’). Site remediation
will be completed with all the necessary technical solutions
for the stabilisation of the Fosso del Torrino sandy silts.
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/

holt heads

FIGURE 12[Site remediation works on the Villa Senni tuffs: A-A’) three-meters long, stainless steel, rock bolts fixed into each rock block being
potentially unstable; B-B’) mortar poured within open fractures; C-C’) slope top surface covered by a Ti02-based, water-proof film.
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The origin of the joint sets observed on the Palatine
southwestern slope was investigated in the second part
of the paper by numerical modelling. The slope is made
by a Middle Pleistocene multilayer characterised by
deformability contrasts between volcanic tuff units
and sedimentary deposits. The same geological setting
is widely diffused on the Tyrrhenian side of Central
Italy. Here, volcanic tuff units originated in the Middle-
Upper Pleistocene are settled on Upper Pliocene-Lower
Pleistocene sedimentary deposits or interfingerd with
coeval alluvial terrains. Under such conditions, the jointing
pattern of tuff rocks outcropping on ridges, cliff slopes or
isolated relieves is very often sub-parallel to the slope
direction, as evidence of their tensile origin (Bozzano et
al., 2005; 2008). Similarly, in the Palatine area a secondary
origin due to a tensile stress field can be supposed for
the internal jointing belt in the Villa Senni tuffs and for
some joint sets (3 and 1) in the external jointing belt. Their
tensile origin is also suggested by fractures characteristics
(opening and downward termination). Other joints sets
could be related to other causes such as earthquakes effects
from distant seismogenetic sources.

A first numerical modelling approach was performed at
the slope scale and by reproducing a multiple-step process
of slope retreat since the deposition of the Villa Senni
tuffs (Fig. 10A). Results demonstrated how the stress
distribution in the present geomorphological conditions is
able to determine tensile stresses in a portion of the Villa
Senni tuff rock mass (Fig. 11B), but unable to produce
tuffs jointing. Apart the potential rock block failures on its
edge, the slope is in an overall stability condition. Anyhow,
a strength degradation of tuff rocks (for instance due to
prolonged weathering) may bring to the development
of tension cracks in the portion of the Villa Senni tuff
plate affected by tensile strain (Fig. 10B). This has been
contrasted with waterproofing of the slope top surface (Fig.
12C-C’).

The tensile origin of the jointing belts within the Villa
Senni tuffs is basically related to a past stress-strain state
from a previous evolutionary stage of the slope. Such a
conclusion is supported by the results of the second
modelling approach which considered the Late Pleistocene-
Holocene geomorphological evolution of a Palatine-
Velabrum slope-to-valley system (Figs. 4; 11). In addition,
differential erosion and anthropic excavation for blocks
undermining in the Prima Porta and Palatino tuffs (Fig. 3D)
can have contributed to roof instabilities in rock masses.

The deep valley erosion at the last glacial maximum
determined a strong decrease of the lateral confining
pressure (stress release); this modified the stress-strain
conditions of the whole Palatine western slope, inducing
horizontal deformations and its progressive retreat to
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the present position. Rockfall episodes during alluvial
deposition in the Velabrum Valley are testified by the
presence of tuff rock blocks in boreholes drilled between
the Palatine and Capitoline hills (RAd, Fig. 4A) (Alva.rez
et al., 1996; Corazza et al., 2004). The progressive
infilling of the valley by alluvial and anthropic deposits
has progressively reduced the slope retreat until reaching
stable conditions (Fig. 11).

Regarding the deformability contrasts within the
Middle Pleistocene multilayer, modelling results indicate
that the original 1:3 thickness ratio between volcanic units
and unconfined sedimentary deposits (Santa Cecilia and
Fosso del Torrino in Fig. 11A, B) was sufficient to trigger
the spreading process on the unloaded slope, with the
formation of tensile joints. On the contrary, the present
1:1 ratio between the Villa Senni tuffs and the Fosso del
Torrino silts (Fig. 11C) does not account for the presence
of tensile failures.

The occupation of the Palatine area at the beginning
of the Roman civilization was certainly favoured by
availability of rough materials, water supply, and its
strategic position. However, this study demonstrate that
site development had to face conditions of slope instability
along the western edge of the hill. This is also suggested
by the three lines of retaining walls partly preserved at
the slope base, the most ancient dated back to the Archaic
Age (VI cen BC), the others to the Middle Republican (IV
cen. BC) and Early Imperial (I-II ce. AD) ages. At present,
tuff rock blocks isolated by inherited, sub-vertical tensile
joints are affected by gravity-driven processes determining
localised slope instabilities. This condition, rather than
a generalized slope instability, can justify the negative
vertical ground motion indicated in the study area by
interferometry data (Casagli et al., 2010).

CONCLUSIONS

A multi-methodological analysis was performed along
the southwestern edge of the Palatine Hill due to concern
over slope instabilities evidenced by historical documents,
archaeological remnants of retaining walls, elaboration
of recent interferometry data, evidence of rockfalls and
jointing affecting exposed tuff rocks (Villa Senni, i.e. Villa
Senni unit, “Tufo Lionato”).

Field observations identified the presence of two jointing
belts within the Villa Senni rock mass, characterised by
several joint sets with sub-vertical, open fractures. Failure
mechanisms such as planar sliding and toppling can occur
from the external jointing belt on the slope edge. Potential
rockfalls threaten elements of the local cultural heritage and
may prevent the preservation and future development of
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the area. A site remediation plan oriented to risk reduction
was initiated with the strengthening of the tuff rock mass.

Results of a stress-strain numerical modelling
reproducing the slope ruled out an overall instability of the
area. Moreover, the presence of jointing belts in the Villa
Senni rock masses is not consistent with the present stress-
strain conditions. The origin of these fractures is related to
a tensile stress state from a past evolutionary stage of the
slope. This hypothesis is supported by results of a further
numerical modelling reconstructing the geomorphological
evolution of the Palatine-Velabrum slope-to-valley system
from the last glacial maximum in the Late Pleistocene,
onwards. The stress release determined by deep valley
erosion is invoked as the main factor driving the local slope
dynamics and determining the onset of tensile failures and
slope retreat by progressive rockfalls. This process was
controlled by the deformability contrasts within the slope.
The original 3:1 thickness ratio between the volcanic
units and sedimentary formations favoured slope tensile
deformation, while the present, reduced 1:1 ratio inhibit
the development of tensile failures. Therefore, the slope is
currently only affected by gravity-driven processes.

Inherited conditions of slope instabilities, as verified
in this work, hampered the site development since the
beginning of the Roman civilization. This is testified by
remnants of retaining walls of different ages (Archaic,
Middle republican, Early Imperial) along the base of the
Palatine Hill southwestern slope.
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