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ABSTRACT: The earthquake of 1997 has strongly hit central Italy and specially Marche
and Umbria regions. The first tremor, in May 1997, involved the City of Massa Martana,
which stands on a plate of continental carbonate sediments of the Pleistocene, very stratified
and fractured. The erosion produced by the waterways that surrounded the city of Massa
Martana, have determined, over time, deep incisions on the sides N, W, S, of the plate, generating vertical walls subject to phenomena of collapse and overturning, also favored by soil
layer structure of the system. The earthquakes have increased the collapse risks of the rock
faces. The stabilization works involved the vertical cliff and the surrounding ditches through
the construction of nailed concrete retaining walls, in some sections founded on piles, and
ground reinforced slopes with high strength PVA geogrids. Simultaneously to the works, a
complex monitoring system has been installed, which is still active, to assess its behavior
during its service life and under any seismic actions. In this paper the response of the structures over the time and after seismic events are reported.

1 INTRODUCTION
The village of Massa Martana is located at the top of a cliff formed by continental Pleistocene’s carbonate sediments belonging to Monti Martani’s chain. The study of the area, aimed
to the stabilization of Massa Martana’s village, was started after the seismic event of May
1997 (M = 4.5), which reactivated the problems of slopes instability around the village, causing extensive damage to public and private buildings and the evacuation of the historic center.

Figure 1.

Massa Martana’s village. Panoramic view of the cliff before the works
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2 GEOLOGICAL AND GEOMORPHOLOGICAL ASPECTS
The city of Massa Martana is located at the top of a cliff constituted by continental carbonate
sediments of the lower Pleistocene, laid on a predominantly sandy - loam fluvial-lacustrine
succession, sometimes clayey, belonging to the so called "S.M. Ciciliano Unit". The top unit is
formed by the alternation of four distinct layers disposed in sub-horizontal arrangement, with
local inclinations of max. 10°. The basal block is also formed by four lithofacies and the contact with the upper unit is nearly horizontal. The upper unit is covered by a detrital blanket
coming from the disintegration of the nearby carbonate chain of Monti Martani while, at the
base of the cliff, debris mounds are present formed partially by soil coming from the degradation of the cliff and partially from anthropic materials.
The cliff is historically subjected to instability phenomena, being surrounded, in the northern,
western and southern portion, by watercourses which cause erosion at the base of the slopes. The
instability problems result in collapses and overturns of the upper zone and slips in the lower one.
An extensive geological analysis was performed on thirty-four zones distributed along the
three cliffs (N, S, and W), and inside the cavities of anthropic origin present below the
inhabited area, for the geotechnical characterization of the whole area.

3 INVESTIGATIONS ON THE SITE AND MONITORING
For the drafting of the final project for the stabilization of Massa Martana’s Cliff (1997) and of
the subsequent executive designs (1998–2015), several geological and geotechnical surveys were
carried out, in 1997–1998-2000–2001–2002-2008–2011–2015 for a total of 94 surveys, 33 of which
were instrumented with inclinometer tubes and 47 instrumented with Casagrande open tube
piezometers. Currently, 8 inclinometers and 6 piezometers are still active. Also drilling tests, penetrometer tests SPT, permeability tests, seismic tests were performed in the survey holes.
In order to control the behavior of the consolidated walls of the cliff, a monitoring system
was set up in the various sections over time, involving the installation of load cells and strain
gauges connected to data logger units which transmit data, via a GSM network, to a server
that can be consulted via web.
A total of eight monitoring sections were implemented, consisting in 36 load cells and 8
strain gauges, which are still recording data with a time-lapse of one hour. The sections 1-2-3
were instrumented in 2002; the sections 4-5-6-7 in 2015; while the section 8 in 2016. (Figure 2)

4 THE STABILIZATION PROJECT
The project for the stabilization of Massa Martana’s Cliff took twenty years of development.
The project consists in different works which can be divided in: superficial stabilization of
the cliff and its urban insertion; slopes stabilization and watercourses regulation (Fosso della

Figure 2.

Devices identiﬁcation scheme
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Figure 3.

Planimetry of the works

Rocca and Massa streams); rebuilding of the water networks; drainage networks and technological networks throughout the town; paving and waterproofing of the historic center; urban
recovery of the cliff surroundings and regulation of the waterways; erosion control systems
for of embankment’s protection; stabilization, geomorphological remodeling and environmental rehabilitation of the West area at the foot of the cliff “Rupe di Massa”.
In addition to the final design made in 1999 and its update of 2005, from 1998 up to 2016,
other six executive projects were made. The total amount of the project was € 33.099.967,67
(source Umbria Region Body).
The first and third executive project were carried out on the Fosso di Massa (South side
ditch) and on the Fosso della Rocca (North side ditch) respectively. The other parts of the
project involved the stabilization of the walls of the cliff. The sixth part of the project is currently under construction and concern the completion of the cliff stabilization. During the stabilization works of the first and third project, the technological networks and the floorings of
the entire historic center were made. The Municipality of Massa Martana has carried out the
waterproofing works of the whole area called Lignole at the top of the cliff, located between
the cliff “Fosso di Massa” and the South-West wall.
4.1 Design seismic parameters and earthquakes occurred after the works
With regard of the seismic actions, in accordance with the Italian standard in force that time,
until 2008 the design was made adopting a seismic coefficient K = 0.168 (C = 0.07; I = 1; ε = 2; β
= 1.2); while after 2008 was considered the maximum acceleration ag = 0.1693g m/sec2 and factors that take into account the subsoil condition: category C → SS = 1.5 and a topographic factor
category T2 → ST = 1.2, so a maximum acceleration equal to amax = 0.30474g was adopted.
On 6 April 2009, during the “L’Aquila” earthquake, the nearby seismic station of Spoleto
recorded an intensity of I = 3.5 and a P.G.A. (% g) equal to 0.9770.
On 24August 2016, the “Accumuli” earthquake occurred. Interpolating the recorded values
obtained from the three nearest stations (Giano 8.3 km, San Gemini 18 km and Spoleto 8.0
km) with respect to which Massa Martana is located in the center, an intensity of I = 6.13 and
a P.G.A. (% g) equal to 3.07 was estimated in Massa Martana.
On 30 October 2016, the Norcia earthquake happened. Interpolating the values of the three
mentioned stations, was estimated at an intensity I = 6.5 and a PGA (% g) equal to 4.70;
On March 26 and April 2, 2014, with epicenter at Massa Martana, an earthquake was
recorded with Magnitude 3.1.
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Figure 4.

Work type 1 and 2

Figure 5.

Work type 2

4.2 The project of cliff stabilization
The stabilization work was conceived in such a way to obtain a mass continuity and greater
global stability between the outer parts of the W and S walls of the cliff. The mass continuity was
reached using low-pressure injections, aimed to saturate the spaces and voids without further
external pressures, and with the addition of steel bars used as seam. Passive anchor rods have
been provided to link the consolidated external zone to the internal body of the cliff and draining
pipes have been adopted to maintain the hydraulic equilibrium of the system. Reinforced concrete shields covered with natural stone has been provided in areas with greater discontinuity of
the wall. The works were carried out on a total front length of 509 m, for an average height of
about 20m. They have been distinguished in relation to the distance of the inhabited area and the
degree of fracture of the cliff, so, four types of stabilization works have been identified:
1) The first type of work is in the zone where the houses are closer to the edge of the cliff
and consists on reinforced concrete walls, nailed, covered with limestone and founded on
three rows of piles. Prior to the construction of the walls, the cliff was consolidated with
cement mortar injections made by PVC pipes with valves. (Figure 4)
2) The second type of works consists on three stages of stabilization (Figure 5):
The first stage consists on a mesh of perforations (2.66 holes/sqm, diameter d = 60 mm and
length l = 3 m), filled with mortar by gravity or with pressure not higher than 2 bar, reinforced
with galvanized steel bars, diameter d = 20mm.
The second stage consists on injections through holes with pipes in P.V.C. with valves
(mesh 3.00 x 3.00 m, length L = 18m), for the saturation of the cavities and fractures present
in the cliff.
The third stage consists on passive nails, length l = 12m and 22m disposed with a mesh of
1.5x1.5m and 3.0x3.0m respectively and reinforced with Dywidag bars.
The injection absorption was between 3% and 4.7% of the volume of injected rock. Over the
layers of clay, draining pipes with length l = 18m and inclination of 20°, have been installed.
At the edge of the cliff, a concrete wall with an average height of 6 m was built, nailed with
22 m long Dywidag bars. The wall was connected to nailed beams, founded on piles reinforced
with Dywidag bars.
The first and second work types have a development of 275 m along the west side of the cliff.
3) The third type of work has a length of 112 m and concern the South side of the cliff,
which is the most distant zone from the inhabited area. In this sector the cliff was consolidated
trough nails with Dywidag bars, 18 m long and mesh of 3.0m x 3.0m. On the surface a rhomboidal mesh of galvanized steel ropes were connected to the nails. In sectors with high level of
fracture, the second type of stabilization work was adopted, albeit in a limited form. All types
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Figure 6.

Panoramic view of the concluded stabilization works of the cliff

of walls have an upper edge beam, founded on micro-piles, and a foot beam founded on
micro-piles too, anchored with nails of 90 ton.
The fourth type of works concerns a front wall of 122 m and a maximum height of 14 m
(North - North-West) and is divided in two types of reinforced concrete walls covered with in
stone.
The first type of wall is a retaining wall nailed at the foot by post tensioned tie bars of 90
tons, 30 m long, disposed at a longitudinal distance of 2.5 m; the locking tension of the tie bar
is 60 ton. The wall is founded on two rows of piles, 120 cm diameter, installed with a rectangular mesh of 3,60mx 2,50m in the cross and longitudinal direction respectively. The foundation
slab is 150 cm thick and 680 cm wide.
The concrete wall is anchored to the cliff, with passive tie bars made Dywidag bars, d= 32
mm and L=22 m, positioned every 2.50 m.
Prior the construction of the wall, the face of the cliff was consolidated by high pressure
injections of cement mortar made by the use of PVC pipes 20 m long, placed with a mesh of
2.50x3.00 m, in order to saturate the cavities and fractures.
The second type of reinforced concrete wall concerns the sections where the wall has a
height of less than 7 m. In this case no nails were used in the wall which is founded on double
piles d=80 cm with a longitudinal distance of 3,00 m between them.
4.3 Main data of stabilization works
The treated surface of the cliff is 10,180 m2, the total length of perforations is 109,049 m, which:
54,666 m for Dywidag bars; 17,916 for 90 t rods with strands; 12,074 m for PVC pipes used for
stabilization injections; 10,152 m for drains, 14,241 m for superficial nailing. Furthermore, 5,308
tons of injected mortar were used; 12,368 m of micro-piles, 4.051 m of large diameter piles (80/
120 cm); 8.182 m3 of concrete for walls and 1,662 tons of steel for reinforced concrete.
4.4 The project of gorges stabilization and hydraulic regulation
Massa Martana is surrounded by three cliffs; on the north side there is the “Fosso della
Rocca” ditch, on the south side the “Fosso di Massa” ditch and on the west side the “Fosso di
Castel Rinaldi” ditch. The erosion caused by the waters around the city has created deep
ravines whose vertical walls have had continuous problems of slope sliding and gravitational
collapse phenomena.
4.4.1 Gorge Fosso di Massa
The ditch Fosso di Massa has engraved the travertine plate due to the continuous erosion
action, creating a very narrow gorge near to the village of Massa Martana. In December 1996,
a landslide broked the sewage collector, which conveyed the waste water from the historical
center to the purification plant, and involved the access road to the south of the village.
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The ditch Fosso di Massa, in the suburb "La Fontanaccia", makes a jump of about 17 m.
Also, the waste water from the sewer net, used to jump in the same way before the connection
to the purifier plant.
The hydraulic works done included the construction of a fall pit with a height of 18.50 m,
including the damping basin.
The well has been connected to the existing ditch by means of two stretches of galvanized
corrugated steel pipe with circular section d = 2390 mm, in the upstream stretch, and polycentric section of 4900x4000 mm, in the valley buried stretch.
The fall well has a vertical height of 15.26 m and a square section 250x250 cm with concrete
walls 30 cm thick. Just above the bottom part, the fall well widens into a 4,00x7.00 m plantsized chamber on which the valley trunk is connected.
The filling of the gorge, for a total front of 80 m, was made with granular soils. The stability
of the full embankment was obtained through the construction of steep reinforced slopes separated by berms, using PET geogrids with nominal tensile strength of 55 kN/m. The total height
of the embankment is 22 m and 13,000 m3 of filling material were used for its construction.
Preventive works were done before the final stabilization of the cliff using steel meshes,
until the year 2001. These were fixed to the wall with Dywidag bars12 meters long and placed
with a pattern of 3.0 mx 3.0 m.
4.4.2 Gorge Fosso della Rocca
Due to progressive erosion problems caused by the Fosso della Rocca ditch, the cliff near the
village was in critical conditions of stability. To solve this problem and to recover land around
the village it was decided to fill the gorge, which in the plant view had a shape like a narrow
“V”, with a length of about 160 m and an opening of about 90 m. The height of the cliff in
that area is 38 m aproximatelly. The total volume of the used filling material was 170,000 m3
which was constituted by a mixture of masonry debris (maximum size 100 mm), coming from
the demolition of the buildings damaged by the earthquake of 1997, complemented with natural material from local quarries.
The front of the embankment was stabilized with eight banks of reinforced slopes separated
by berms; seven of them 5 m high and, at the top, one of 3 m, for a total height of 38 m.
Due to the use of demolition materials as filling, a high degree of alkalinity was expected (9
<pH <12). For this reason, geogrids made with polyvinylalcohol fibers (PVA) have been used
which, besides chemical resistance, have also a high modulus at short and long-term, that is,
very low strain at breaking point (ε≤6%) and low creep.
Since the subgrade soil was very soft, there were problems of overall stability. To reach the
minimum required factor of safety with regard of the overall stability, PVA geogrids with tensile strength of 800 kN/m were used in the first embankment, with variable lengths between 65
to 80 meters. This solution was adopted to avoid the use of large concrete piles at the toe,
preferring a more flexible system closer to the behavior of the whole embankment, compared
to a rigid-flexible mix. This solution, in addition to being cheaper, was faster and compatible
with the behavior of the entire structure.
The upper slopes were reinforced with PVA geogrids with variable tensile strengths, in
order to optimize the cost of the structure. So, geogrids with nominal strengths of 200-150110-80-55 kN/m were used, decreasing gradually from the bottom to the top (Figure 7).
At the toe of the embankment, a facing concrete wall has been built, in front of the first
bank, to prevent eventual further regression erosion problems.
A drainage system has been incorporated into the embankment body with several horizontal drainage layers made with gravel, interconnected with vertical pipes filled with gravel too.
An appropriate woven geotextile filter was used between the drainage layers and around the
drainage pipes to avoid clogging.
In the final profile of the embankment, the ditch runs over the new level along a channel
with trapezoidal section, for about 70 m with a slope of 0.5%; then runs down through a
sequence of 6 waterfalls and dissipation basins, built alternatively on the steep reinforced soils
and on berms (Figure 8). A special bentonite geocomposite GCL with roughed faces has been
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Figure 7.

Structural and hydraulic conﬁguration of Fosso della Rocca gorge

Figure 8.

Fosso della Roca: front view of the reinforced embankment and its waterfalls

used to limit direct infiltration into the embankment body and to avoid sliding between the
face and the confining soil layers.
The wall was subjected to a topographic monitoring campaign during the construction of
the embankment and after the completion of the works until November 2009 and in 2014
after the earthquake of magnitude 3.1 with epicenter at Massa Martana.
5 MONITORING
5.1 Monitoring of the concrete wall at the toe of Fosso della Rocca works
The facing concrete wall built at the front of the first bank of the embankment was subject to
a topographic monitoring with measurements made by theodolite fixed to a stronghold
located outside the work area; the measurements were taken on twelve targets installed on the
face according to the scheme shown in Figure 9.
The concrete wall was ended in September 2006. In October 2007, the Fosso della Rocca
embankment was completed. The first measurement cycle was done in October 2006 (reading0)
and in November 2006 (reading1). The deviations between reading0 and reading1 were almost
zero (average 1 mm). Between the month of November 2006 and November 2009 another six
reading cycles were performed, the maximum displacement was 1.75 cm (plate 3) with an average between measured points of 1.64 cm. The displacements were recorded during the construction of the embankment. The reading in 2009 was done after the earthquake of L’Aquila, which
was also felt in the municipality of Massa Martana with an intensity of 3.5 and a P.G.A. (% g)
equal to 0.9770. No significant deviations were found compared with previous readings.
In June 2014, after the earthquakes of March 26 and April 2, with epicenter in Massa Martana and magnitude 3.1 for both events, further measurements were taken. The records have
confirmed the excellent stability of the work, since that displacements in the order of maximum one millimeter were recorded, which can also be attributed to thermal variations and/or
instrumental errors.
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Figure 9.

Location of optical plates for topographic readings

5.2 Monitoring of instrumented sections along the retaining walls
In order to keep under control the behavior of all retaining walls around the Massa Martana
cliff, a monitoring system was set up. This comprise load cells and strain gauges connected to
data loggers, which transmit recorded data through a GSM network. Specifically, eight sections were instrumented with thirty-six load cells and eight strain gauges in total, connected to
three data loggers which acquire data every hour.
The devices in sections 1-2-3 were installed in 2002 and the acquired data was recorded until
2015, when a restoration of the network was carried out with the replacement (where possible)
of the malfunctioning devices. These devices are still recording data until today.
From 2002 to 2018, even after subsequent seismic actions, the instrumentation did not
reveal significant deviations from the initial values. For example, the maximum deformations
recorded in some strain gages were 11-12 mm, measured during the first years.
The devices in sections 4-5-6-7 were installed in 2015. In this case, also the initial values
(2016) oscillate between 11.5 mm and 16.5 mm. From 2016 to September 2018 the values
remained almost unchanged with oscillations close to values of 1 to 2 mm.
The devices in section 8 were installed in 2016 and are composed by load cells only. The
deviation values with respect to the initial values are 2–5 kN for the Dywidag bars and 10 kN
for the cells installed on the 90 t stranded rods, located in the beam at the foot.

6 CONCLUSIONS
The monitoring network installed during the execution of the works confirmed the behavior
of the structures in accordance with the project expectations. The deformations detected by
the monitoring network under static loads are in accordance with the design values. The seismic actions to which the structures were subjected during its life did not increase the values
recorded under service conditions, thus confirming the reliability of the entire work.
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