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Innovative passive reinforcements for the gradual sta-
bilization of a landslide according

with the observational method

Abstract A large number of landslides occur in North-Eastern
Italy during every rainy period due to the particular
hydrogeological conditions of this area. Even if there are no
casualties, the economic losses are often significant, and munici-
palities frequently do not have sufficient financial resources to
repair the damage and stabilize all the unstable slopes. In this
regard, the research for more economically sustainable solutions
is a crucial challenge. Floating composite anchors are an innova-
tive and low-cost technique set up for slope stabilization: it con-
sists in the use of passive sub-horizontal reinforcements, obtained
by coupling a traditional self-drilling bar with some tendons
cemented inside it. This work concerns the application of this
technique according to the observational method described within
the Italian and European technical codes and mainly recommend-
ed for the design of geotechnical works, especially when per-
formed in highly uncertain site conditions. The observational
method prescribes designing an intervention and, at the same
time, using a monitoring system in order to correct and adapt
the project during realization of the works on the basis of new data
acquired while on site. The case study is the landslide of Cischele, a
medium landslide which occurred in 2010 after an exceptional
heavy rainy period. In 2015, some floating composite anchors were
installed to slow down the movement, even if, due to a limited
budget, they were not enough to ensure the complete stabilization
of the slope. Thanks to a monitoring system installed in the
meantime, it is now possible to have a comparison between the
site conditions before and after the intervention. This allows the
evaluation of benefits achieved with the reinforcements and, at the
same time, the assessment of additional improvements. Two sta-
bilization scenarios are studied through an FE model: the first
includes the stabilization system built in 2015, while the second
evaluates a new solution proposed to further increase the slope
stability.

Keywords Landslide stabilization - Observational
method - Passive reinforcement - Floating anchor - Composite
bar - Slope stability

Introduction

In the areas where very exceptional rainy events have caused the
contemporaneous triggering of a large number of slope instabil-
ities, the administration working for soil protection has to face a
difficult challenge. On one hand, they need to restore the safety
conditions in as many landslides as possible in the shortest time
possible. On the other hand, they often do not have sufficient
economic means to restore all the situations. In this condition,
the challenge is the selection of interventions that offer the lowest
cost-benefit ratios in relation to the nature and kinematics of the
instability, engineering and economic feasibility, and social and

environmental acceptability (Popescu 2001; 2002; Popescu and
Seve 2001; Galve et al. 2016; Kazmi et al. 2017). Other important
features must be the rapidity of installation and the possibility of
being modulated over time. Modularity is a factor which is not
always considered, but is very important because it allows the
works to be carried out in various steps: firstly, the interventions
needed to slow down the movements and, subsequently, after the
acquisition of a deeper knowledge of the site conditions, the
interventions that guarantee higher safety conditions in relation
to legal requirements.

On the other hand, efficiency is evaluated as the increment of
slope stability conditions, determined by stability analyses. Inde-
pendently from the method adopted for the stability analysis, i.e., a
method based on limit equilibrium approach (Morgenstern 1992;
Abramson et al. 2002) or a finite element method (Ugai and
Leshchinsky 1995; Dawson et al. 1999; Griffiths and Lane 1999;
Cheng et al. 2007; Gao et al. 2013) or others, stability analyses give
reliable results only if a comprehensive knowledge of the slope is
available (Baecher and Christian 2008; Hong and Roh 2008; Hicks
and Spencer 2010; Stark and Hussain 2012; Ji et al. 2018). However,
when engineers have to operate in an emergency, they have little
available information about the geometry, the landslide kinemat-
ics, and the properties of the soils involved. Consequently, they are
induced to overestimate the interventions required for stabiliza-
tion with an increment of costs and a reduction of the number of
instabilities that can be recovered. Moreover, even when one can
perform some investigations before designing the remedial works,
site characterization always presents a level of uncertainty due to
the natural heterogeneity of the slopes.

In all these cases, when the prediction of geotechnical behavior
is difficult, it may be appropriate to use the approach called
“Observational Method” (Eurocode 7 2004; Calvello 2017; NTC
2018). The observational method is a framework wherein construc-
tion and design procedures and details of a geotechnical engineer-
ing project are adjusted based upon observations and
measurements made as construction proceeds (Peck 1969). Of
course, specifically citing Eurocode 7 (2004), when the observa-
tional method is adopted “acceptable limits of behaviour shall be
established, the range of possible behaviour shall be assessed and
it shall be shown that there is an acceptable probability that the
actual behaviour will be within the acceptable limits.” Then, “a
plan of monitoring shall be devised, which will reveal whether the
actual behaviour lies within the acceptable limits” and “the re-
sponse time of the instruments... shall be sufficiently rapid in
relation to the possible evolution of the system.” This means that,
independently from the geotechnical problem at hand, an effective
application of the observational method requires firstly a properly
planned monitoring strategy, comprising an appropriate choice of
variables to monitor, the set-up of a reliable monitoring system
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and the choice of criteria to evaluate the monitoring results.
Secondly, it needs a real-time analysis of the observations and
the planning of alternative construction strategies to be adopted
depending on the results of the data analysis (Calvello 2017).

This approach is easily adoptable in all the projects in which an
appropriate variable to monitor and its threshold value can be
easily identified, such as in the construction of embankment or the
realization of an underground excavation. On the contrary, the
application of the observational method to landslides requires a
change of approach, if the designer wants to verify the effective-
ness of the intervention during the works or immediately after. In
fact, a slope interested by a landslide often moves slowly before the
collapse occurs, it evidences great displacement rate during and
after the collapse, and, moreover, its rate is strongly influenced by
exceptional meteoric conditions. Finally, the reduction of this rate
to a negligible value is generally a difficult goal to pursue because
it requires high economic investments. Hence, the application of
the method can be carried out by defining a maximum displace-
ment rate threshold in relation to the required level of stability, i.e.,
in relation to the safety degree to be guaranteed. Made this choice,
the design of remedial works is finalized at reaching this condi-
tion. Then, the monitoring performed during and after the work
allows to verify the effectiveness of the intervention compared to
expectations and, if necessary, to adapt the chosen solution. In this
regard, once again, a modular technique offers the advantage of
being adapted during its installation on site in relation to the
results of monitoring and data analysis.

In this context, in recent years, many efforts have focused on
the study of a new slope reinforcement system, namely that of
passive composite floating anchors (Bisson and Cola 2014; Bisson
2015; Bisson et al. 2015, 2016, 2018; Cola et al. 2019), which, at the
same time, enables costs to be greatly reduced respect other
reinforcement techniques and the modular criteria to be respected
(Bisson and Cola 2014). In their work, Bisson and Cola (2014)
compared seven different slope stabilization techniques, i.e., can-
tilever walls, gabion walls, single bored piles, micropiles-based
walls, anchored sheet-piles walls, and, indeed, soil nailing, choos-
ing a common slope geometry to be used to estimate costs and
effects on the slope stability of each solution. The analyses pointed
out that the most advantageous solution in terms of ratio between
intervention cost and slope safety factor increase is precisely that
obtained with passive anchors.

In order to explain how this new system works and can be
managed in accordance with the observational method, after a
brief presentation of the new technique and its advantages, this
paper deals with its application for the stabilization of a real
landslide.

Composite anchors

Slope stabilization with reinforcements is a common practice that
aims to increase shear strength and/or reduce the sliding actions
along the slip surface with many different types of structures.
Retaining walls, dowels or structural wells, micropile systems or
reticulates, tied-back micropile sheet-walls, active anchors, and
soil nailing are all systems used in medium deep landslides, i.e.,
when the sliding involves masses up to medium depths (8-16 m).
Even if out of all of them, soil nailing is the most recent proposal
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in chronological order because it was developed relatively late
(Stocker 1976; Gassler and Gudehus 1981), it offers several advan-
tages compared with other systems. The bars used for soil nailing
are installed in the soil with small and flexible boring machines
and with minimal soil excavation. They act as passive anchors
without pre-tension in the installation phase: consequently, their
installation is very rapid, and they do not require control over
time. They can be installed in all types of soils and rocks and their
length and orientation can be adapted to almost all surficial and
deep morphologies, based on the in situ observation performed
before and during installation. Finally, comparisons with other
reinforcement methods have shown that soil nailing is generally
more economical than other techniques (Ansari and Domitric
1992; FHWA 2003; Bisson and Cola 2014).

Thanks to its advantages, nowadays, soil nailing is a common
practice for the support of excavations and specific guidelines are
available in many countries (e.g., Geoguidey 2008; EN 14490:2010
2010). On the contrary, its application to the stabilization of natural
unstable slopes advances more slowly, even if many works that
explain soil nailing effects on landslides have already been published
(Turner and Jensen 2005; Ng et al. 2007; Pun and Urciuoli 2008;
Bisson et al. 2015; Sharma et al. 2019; Cola et al. 2019).

The composite anchor is an advancement of the traditional self-
drilling bar used for soil nailing, developed by an Italian company
with the aim of improving the mechanical resistance of the stan-
dard soil nailing bars and expanding their applications, especially
in the field of landslide stabilization (Bisson 2015; Bisson et al.
2015; 2018; Cola et al. 2019).

A composite anchor consists of a traditional carbon steel self-
drilling bar with one or more harmonic steel tendons inserted and
cemented inside the central cavity of the bar. The system is com-
pleted by an external plate for locking the bar and a protective
cover for the tendon head (Fig. 1).

The installation of these anchors develops in the following
steps:

A. Installation of the self-drilling bar up to the design depth,
eventually adapting the overall length to the position of the
resistant deep layer.

B. Manual insertion of one or more harmonic steel tendons in
the central cavity of the bar before the inner grout hardens.

C. Application and connection of the external plate, which has
the role of contrasting the movement of the external soil
surface.

When realized in this way, the anchors behave like passive
elements. A possible variation in the installation procedure, spe-
cifically in step B, permits the anchor to become an active rein-
forcement. In this version, the most external portion of the cavity
is washed by injection of water, thus obtaining the result that the
anchors are divided into two parts: the foundation length, where
the tendons are linked to the bar, and the most external part where
the tendons are free. After the hardening of the grout in founda-
tion, the strands can be tensioned and connected to the external
plate by a special locking head. In this way, the tendons transmit
an axial compression to the bar and the soil in depth, thus imme-
diately increasing the stabilizing force along the sliding surface
(Bisson et al. 2016).
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Fig. 1 Scheme of a composite anchor

Compared to traditional anchors and soil nailing bars, com-
posite anchors offer additional advantages:
® possibility of selecting the length of each anchor in situ, thus
adapting it to different geological and geotechnical conditions
observed during the installation;
lower cost with the same mechanical properties, because the
harmonic steel of tendons has a lower price than the steel
constituting the bar. By inserting the tendons, an increase of
the overall resistant steel cross-section can be obtained, with a
minor cost respect by using a larger cross-section of the
hosting bar;
greater flexural inertia and good continuity given by the inner
strands;
higher ultimate tensile forces since the composite anchors can
reach up to 5000 kN that is more than 3 times the maximum
ultimate tension of soil nailing bars;
better durability (minor cracking, better protection from
corrosion);
easier transport, because the various constitutive elements can
be transported separately, and easier installation, because all
the advantages of the self-drilling technique are maintained.

Composite anchors can be used in consolidation of soil and
rock cut slopes, in foundation reinforcements, and in landslide
stabilization too. Particularly, in the slow-moving landslide and
when the works must to be carried out in various steps, as de-
scribed in the “Introduction” section, the anchors can be used in a
floating configuration, as described in the next section.

Composite anchors in slow-moving landslide stabilization

The floating technique (Bisson et al. 2015, 2018) consists of
installing passive sub-horizontal reinforcements, with a sufficient
foundation in the bedrock, and coupled with individual external
concrete slabs.

The most important feature is that the slabs, having appropriate
shape and size, are not connected to each other, as depicted in Fig.
2, condition for which the anchors are defined as floating. If some
slope movements occur, axial forces in the passive reinforcements
develop because of the shear stresses transmitted by the slow-
moving mass at the bars along the soil-grout interface: these axial
forces contrast part of the forces inducing instability and can
reduce the landslide evolution process until it completely stops.
Since the axial head force at the connection with an external slab is

small, the system does not require a continuous facing or strong
and invasive external structures, and, when the slope deforms, the
slabs may also be embedded inside the soil.

Since, for these applications, large installation depths (up to 55
m) and huge axial forces may be required, composite anchors are
particularly suitable because they assure very high forces not
achievable with standard soil nailing bars. As already mentioned,
a pre-tension can be also assigned to the tendons with the aim of
pre-activating the shear stress at the anchor-soil interface, thus
reducing the relative displacements necessary for the complete
development of the anchor resistance. If the pre-tension remains
very small (1/10-1/8 of the working load of the anchor), this
configuration can be defined as partially active.
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As in soil nailing, the design capacity of a floating anchor
depends on the available frictional strength at the soil-grout inter-
face, as well as the size and the tensile strength of the bar itself.
Therefore, it has to ensure that:

A. The tensile strength of the steel bars is sufficient to withstand
the maximum developed axial stress; the total stabilizing force
Q. generated by each element is the sum of the head force
absorbed by the floating plate Q, and the integral of the
friction stresses activated along the soil-grout interface in
the active zone of the slope:

Qo= Q + 107D - 7, (x)dx (1)

where D is the effective diameter of the anchor (bar with the
cement grout around), L, the length of the anchor in the active
zone, and 7,(x) the shear strength at the soil-grout interface at the
coordinate x. The calculation of 7,(x) can be performed by ex-
tending the methods proposed by Bustamante and Doix (1985) for
micropiles or in accordance with the indications reported by
FWHA (2003) or Hong Kong guidelines (Geoguidey 2008) or in
some papers (Heymann et al. 1992; Yin et al. 2009).

B. The length of each bar within the passive zone, that is, the
portion of the bars that extends beyond the potential or actual
slip surface, is sufficient to provide a pull-out resistance equal
to the total stabilizing force Q, generated in the bar
(Geoguidey 2008).

Due to the use of the floating elements, one of the most
important advantages is that, if the slope movements do not
completely arrest with the installation of these anchors, the soil
can slide along the bars and the floating elements which remain
embedded in the slope. In this way, the bars can find a new
equilibrium condition without cracks or structural failure and
without losing their effectiveness, unlike traditional rigid works,
such as gravity or micropile walls. This behavior allows a progres-
sive adapting of the intervention according to the observational
method: if a first installation is not enough to stop the slope, i.e.,
the recorded moving rate does not decrease below a required limit,
the intervention can subsequently be improved by adding other
reinforcements.

The case study of Cischele landslide, illustrated in as follows, is
used here to explain with an example this method of installing the
composite anchors and how the intervention in this site was
modulated with time according with the limited financial means
of the local administration.

Cischele landslide

In November 2010, an exceptional rainfall (817 mm in less than 3
days) affected the North-Eastern of Italy and, in particular, the
Vicenza Province, activating several slope instabilities (Floris et al.
2013): in particular, more than 500 new landslides were reported in
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the mountain area of the Province. Among these, in Cischele, a
small hamlet in the territory of Recoaro Terme, the activation of
movements in an area of about 16,000 m”> was observed. The
unstable area is approximately 120 m wide and 180 m long (Fig.
3), is located at an altitude between 550 m and 600 m a.s.l., and
presents a mean inclination of 24°. The instability affected and
damaged some houses and the main road crossing the hamlet
(Fig. 4). Several fractures appeared during the rainy event and
have been gradually increasing thereafter, associated with contin-
ued subsidence of roads and pavements in the private car parking,
all at the continuous develop evidence of sliding movements in the
following months.

As the administration had very limited financial means and
could not carry out immediately all the works indicated as neces-
sary for the complete stabilization of the area, it was decided to
carry out an intervention subdivided in two phases and apply the
observational approach to control the improvement induced by
each step. In this way, after a first phase of monitoring the move-
ments, necessary to individuate the landslide geometry, a partial
stabilization was carried out with the installation of a series of
passive anchors. The monitoring continued in the post-installation
phase in order to collect data for an evaluation of the improve-
ments obtained. Furthermore, the site was studied using an FE
model which was calibrated on the pre-intervention and post-
intervention conditions in order to investigate the level of further
improvement achievable if the planned stabilization works could
be completed.

Geology
The slope is based on the crystalline basement of the Recoaro
subalpine area consisting of quartz-Phyllite, a high strength meta-
morphic schistose rock. Above this stratum, a sedimentary rock
composed of clastic deposits, such as quartz and feldspars sands
and silts, locally known as Val Gardena Sandstone, is present. At
the top, there is the Bellerophon formation, another sedimentary
rock consisting mainly of limestone, often minutely decayed, with
frequent interbedded silty clays in the lower part. A major tectonic
action affects the area, due to the compression time of the Alpine
orogeny. This makes the Schists crystalline basement visible in
some places on the surface. The unstable area is located between
two major vertical faults with a prevailing backing horizontal
movement.

In order to better characterize the stratigraphic profile of the
area, several continuous core surveys were carried out. In partic-
ular (Fig. 3):

® Three surveys in 2011 (S1, S2, S3), (green circles);
® Two surveys in 2012 (S4, S5), (red circles);
® Four surveys in 2014 (A, B, C, D), (blue circles).

In the central part of the slope, a 10-12-m thick cover,
consisting of completely weathered Bellerophon Limestone, lies
above a clayey silt and sandy clay layer originating from an
alteration of Val Gardena Sandstone. Up to a depth of 20-30 m
from the ground surface, a bedrock of low to medium-altered
Phyllites was found. At the landslide toe, below the first 5 m of
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Fig. 3 Cischele landslide orthophoto, with indication of in situ borehole’s locations and the landslide limits

backfill clay, a strongly altered Phyllite in a reddish silty clay
matrix exists, but Sandstone or Bellerophon layers are not noticed.

In addition to these stratigraphic units, a thin silty sandy clay
interface between limestones and sandstones was identified. This
layer, having a thickness of 30-70 cm, was observed in boreholes
S2, A, and B in the central portion of the landslide area, at a depth
ranging from 12 to 18 m. It has reduced mechanical characteristics
compared to neighboring materials and it could represent the
layer in which the likely sliding surface of the landslide is located.

Soil characterization

Considering the complex geology of the area, further geotechnical
tests were carried out. In particular, three in situ permeability tests
and four standard penetrometric tests (SPT) were performed dur-
ing borehole execution. Several grain-size analysis and determina-
tion of Atterberg limits and shear friction angles of different soil
samples were also executed. The internal friction angle values,
obtained from the shear tests on some siltstone and sandstone
samples collected at depths between 11 and 18.50 m from the layer

Fig. 4 Some damages caused by the Cischele landslides on: (a) the main road; (b) a house
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above the Phyllites, were taken into consideration. The friction
angle values of the shallower soils were instead obtained by the
SPT carried out on the upper layers inside the first probing hole. A
summary of the soil properties is reported in Table 1.

Note that the interface is considered mainly composed of de-
graded Val Gardena sandstone, so its friction angle value is as-
sumed a little bit lower than that of the intact soil. A null cohesion
is then assumed, considering the material localized along the
sliding surface having reached the residual resistance.

The observational method on the realized stabilization works

Pre-intervention situation
In order to monitor the movement of the landslide body over time,
to allow the planning of the interventions that had to be carried
out on the slope, two inclinometers were inserted inside the S1 and
S3 surveys. In the first months of 2011, three measurements were
performed, approximately monthly. The inclinometer CKi,
inserted in the S1 hole and located in a portion of relatively stable
ground beyond the landslide crown, recorded minimal displace-
ments, in the order of a few millimeters per year. The CK2 incli-
nometer, installed in S3 hole, allowed the measurement of non-
negligible displacements (Fig. 5), even if not very large because of
the brevity of the recording period: moreover, it showed a large
increment (from 5 to 13 mm) in correspondence with the March
rains (273 mm), confirming the strong correlation between the
gravitational movements and the rain. The slip surface was
pinpointed at the contact between the Bellerophon formation
and the Val Gardena Sandstone. The slow progress of the landslide
proceeded with an indicative speed of just over 40 mm/year.
Since the inclinometer measurements of 2011 showed a strong
correlation between groundwater and movement, piezometric
monitoring was deemed necessary. During the execution of the
geognostic surveys, in fact, the position of the aquifer was mea-
sured inside holes S1, S2, and S3. In addition, to allow monitoring
of changes in the groundwater level with time, a piezoresistive
sensor was installed in S2. The results underlined that the piezo-
metric level oscillated between 19 and 8 m under the ground
surface. The rains generated a very rapid rise in the water table
and the appearance of a number of temporary springs on the slope
surface. Moreover, it has also been observed that the elevation of
the aquifer in correspondence with intense meteoric events is
sudden, following the peak of precipitation with a delay of only a
few hours. Even the discharge of water is not excessively prolonged
over time, completing itself in a couple of days after the event and

Table 1 Soil parameters for FEM analyses

Material E [MPa] ¢ [ c [kPa]
Bellerophon limestone 20 23 5
Val Gardena sandstone 500 36 100
Phyllites 20,000 55 100
Interface 15 33 0.01
E [MPa] €ql H [MPa]
Anchors 200,000 0.43% 1321

E Young modulus, ¢ friction angle, c cohesion, € limit elastic range, H plastic modulus
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Fig. 5 Inclinometer surveys in CK2 (S3) location (reference date 26/01/2011)

evidencing a relatively high permeability of the slope mass. For
instance, in 13-17 March 2011, a cumulative rainfall of 231 mm, with
a peak of 141 mm on 16 March, occurred and the piezometer
installed in S2 showed the water table rising 3 m in some hours,
with a trend of a delay of some hours in relation to the rain’s
intensity. After the event, the water level returned to the normal
level within 2-3 days.

The application of the observational method requires the def-
inition of acceptable limits of slope behavior; for this purpose, the
results of a monitoring of surface displacements performed with
the SAR technique in the period 1995-2004, i.e., before the land-
slide occurrence, are considered to establish as an acceptable
movement threshold. The stabilization works aimed to reduce
the observed deformation under this limit. A maximum strain rate
of 3-5 mm/year was considered acceptable as a reference value
(Tessari 2014).

Stabilization works

The first proposal of stabilization works focused on the hydraulic
control of the slope. For this purpose, a regularization of meteoric
water in the upstream side of the road was planned coupled with a
large diameter draining well that had to be constructed in the
middle between S5 and D positions in the map of Fig. 7. The
draining well aimed also to become a mechanical reinforcement
of the slope. However, this design hypothesis turned out to be very
expensive in light of the results of the geognostic survey carried
out subsequently (2011-2012) and not practicable in relation to the
limited financial resources of the public agencies.

Consequently, it was decided to substitute the drainage well
with a mechanically reinforcing system made up of floating com-
posite anchors. Given the complexity of the local geology and the
uncertainties affecting the slope stability, this solution allowed the
work to be carried out in successive stages, applying the observa-
tional method. The intervention may also be integrated in progress
with further anchors if subsequently it were to prove insufficient.



From June to December 2014, a first group of 32 reinforcements
were set up (Fig. 6 and Fig. 7). They are composite anchors, 40-50
m long, formed by a hollow bar with an external diameter of 76
mm, and coupled with 7X0.6” pre-tensioned tendons cemented
inside. The pre-tension is limited to 250 kN per anchor to obtain
the partially active configuration previously described. Thanks to
the presence of inner tendons, the composite anchors have a
nominal tensile strength increased from 1100 to 2920 kN (each
tendon adds 260 kN of additional resistance), with an increment of
cost less than 20% with respect to the self-drilling bar alone. At the
head of each anchor, to retain and contrast the slope thrust, a
prefabricated reinforced concrete slab, of frustoconical shape and
with an outer diameter of 1.5 m, was connected (Fig. 6). The
reinforcements were arranged on three single row alignments with
a horizontal spacing of 5 m: a first alignment in the Northern
portion of the landslide (alignment B), below the road, and two
series in the Southern portion (alignment B and C), downstream of
the houses (Fig. 7).

For a complete stabilization of the slope and the achievement of
an adequate safety factor, the design required the realization of
about another 20 anchors, i.e., two more alignments of floating
anchors, but in that period, the public agency did not have the
entire budget for installing all the anchors needed. It was decided
to set up only part of the necessary reinforcement and carefully
monitor slope movement with the aim of investigating the effect of
the stabilization works realized in terms of displacement rate
reduction. In addition, an FE model was created to evaluate the
site conditions in the presence of the first intervention and how
these conditions could be improved with a second hypothesized
intervention.

Post-intervention situation

A new survey with two further inclinometers was activated in
March 2015 in correspondence with holes B and D (Fig. 7); even
S1, S2, and S3 locations were then recovered for monitoring from
October 2016. All the measurements were repeated every few
months, until October 2019.

The differential displacements of inclinometers B and D are
reported in Fig. 8. Inclinometer B showed significant movements
at about 15-16 m of depth; the mean displacement rate is around 4
mm/year, with maximum values that reached 7 mm/year. Similar
results were obtained for inclinometer D: the movements are
localized at a depth of 15-16 m and the mean velocity is close to
4 mm/year. It is interesting to underline that the position of the
sliding surface is located at the interface between the Val Gardena
sandstones and the Bellerophon limestones, consistent with the
previous hypothesis.

The comparison between the measurements collected before
and after the intervention carried out allows the application of the
observational method, aimed at evaluating the effect of the an-
chors and the actual slope stability state. In 2011, the CK2 incli-
nometer recorded an average displacement rate close to 40 mm/
year. Thanks to the intervention made, this rate was reduced by
ten times, until 4 mm/year, really close to the chosen threshold of
3-5 mm/year. This is a very good result in terms of stability
improvement, but this result underlines that the slope is still
moving. Consequently, the current state suggests that to have
more complete stabilization of the slope, what is needed is to

complete the designed intervention or at least to install other
reinforcements.

Concerning the piezometric survey, two holes (probes A and
C, Fig. 7) were instrumented in April 2015 with continuous
reading piezometers. The devices were placed at — 16.8 m
(probe A) and —16.3 m (probe C) from the ground level. In
both positions, the piezometric level oscillates between — 15 and
— 10 m. The maximum groundwater level was recorded in
conjunction with the abundant rains that fell in February 2016
(474 mm), which caused the groundwater level to rise up to a
depth of around 8 m.

Unfortunately, in April 2017, the continuous piezometers (Fig.
9) started to show interruptions in data recording. Consequently,
the decision was made to adopt some manual measurements of
the piezometric level, partially losing in this way the measurement
system reliability.

Figure 9 shows that the water level at location C is generally 1-2
m deeper with respect to location A, but the water table oscilla-
tions in both the holes range around 5 m, underlining a strong
correlation with the precipitation. These recent measures con-
firmed what was already observed in 2010. The instability in the
Cischele landslide can be defined as a slow translational move-
ment, strongly dependent on the interstitial pressures inside the
instable body. The occurrence of heavy precipitations suddenly
increases the water level, thus increasing the pore pressure, de-
creasing the shear soil resistance, and causing an acceleration of
the slope displacements.

These data indicate that the landslide is partially arrested but
not completely stabilized. Moreover, some in-progress damage is
evident on the building close to the northern border of the unsta-
ble slope. Consequently, the public agency is now planning a
supplementary installation of anchors, and in order to help the
choice of the optimal anchor configuration, a 3D finite element
model of the slope is realized in advance.

Numerical analyses with FE model

Geometry and soil properties

The 3D finite element model is constructed using Midas GTS NX
2019 v1.2. The geometry of the slope (Fig. 10) is created on the base
of information collected from three survey campaigns carried out
in the years 2011, 2012, and 2014 and from the execution reports of
the tie rods, as well as the topographic surveys of the area.

All the volumetric elements in the model (ground, buildings,
anchors plates) are simulated using bricks, while anchors are
modeled using 1-D embedded truss. The embedded truss does
not require node sharing, thus simplifying the model creation.
The mother element is determined as the element that includes
each embedded truss element node within itself, and the multi-
point constraint is used to automatically constrain the nodal
displacement of the embedded truss element to be the same as
the internal displacement of the mother element (MIDAS GTS-NX
User Manual 2019).

The following material models are adopted:

® Soils: isotropic elasto-plastic model according to Mohr-
Coulomb criterion;
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Fig. 6 Installation of composite anchors at Cischele landslide (2014): (a) Bar and strands already infixed; (b) external concrete plates of alignment B, visible at the ground

surface near the house and below the road

® Buildings and plates: isotropic-elastic model;
® Anchors: elasto-plastic model.

To define the geotechnical parameters of the soils involved in
the numerical simulation, a back-analysis was firstly performed,
establishing that the configuration identified by a piezometric
surface placed at —5 m from the ground level is the most repre-
sentative of the instability conditions (safety factor FS = 1). The
continuous piezometric survey performed after the landslide oc-
currence indicated a peak of the water table close to —8 m, but this
value may not be the maximum value which induced the move-
ments. Considering that the instability occurred during an excep-
tional rainy event with a returning time of 80 years, it has been
prudentially hypothesized that the achievement of the trigger
condition is associated with an aquifer reaching a depth of 5 m.
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Moreover, a sensitivity study of the effect on the model results
of a soil parameters variation was realized. For the model thus
assumed, the results of these analyses highlighted how even im-
portant variations in the resistance parameters of the deepest
layers do not significantly affect the FS value. The same happens
for the interface layer where a 13° decrease in the friction angle
value determines an FS variation of less than 3%. Unlike what
happens for the Bellerophon limestones, whose friction angle
strongly affects FS, as shown in Fig. 11. These results support the
hypothesis that the most likely sliding surface of the landslide can
extend mainly within the limestone layer.

The geotechnical parameters, which in the sensitivity analysis
determine the collapse condition of the slope (FS=1), are listed in
Table 1.

Fig. 7 Cischele landslide map, with indication of the positions of the realized anchors
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Fig. 8 Inclinometer surveys at locations: (a) B; (b) D (refernce date 10/03/2015)

Analysis and outputs

In order to determine the instability effects and the stresses acting
on the tie rods, after the calibration of the geotechnical parameters
of the materials involved, two types of analysis were performed:

® Non-linear static analysis of water level rising (NLS-WLR): this
analysis studies the displacement of the slope induced by the
rising of the ground water level consequent to a rainfall. To this
aim, the model is initialized by considering a water level at
about —22 m from the surface, and after having nullified the
displacements and the strain of the initialization phase, the
analysis simulates the rising of the WT to a higher position. In
particular, WT at —20 m, —15 m, —12.5 m, —10 m, —7.5 m, and—5
m from ground level (GL) have been considered. The analysis
takes into account the non-linear behavior of the soil and
permits the evaluation of the axial forces activated in the
reinforcements resulting from the WT rise, reproducing what
generally happens in a slope reinforced with passive anchors.
The pore pressure in the stress analysis is included in steady
state condition, thus considering a drained behavior of the
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different soils; the variation of the WT position therefore
modifies the distribution of the effective stresses in the differ-
ent soil layers.

Stability analysis by strength reduction method (SRM): it is a
non-linear analysis in which, starting from a stable geometry,
the soil shear strength parameters (¢’ and c') are progressively
reduced until a collapse condition is reached. Numerically, this
condition occurs when it is no longer possible to obtain a
converged solution. The analysis is fairly equivalent to a sta-
bility analysis performed with limit equilibrium methods
(Griffiths and Lane 1999; Matsui and San 1992; MIDAS GTS-
NX User Manual 2019) and permits to evaluate the slope global
safety factor as the factor by which the soil strength needs to be
reduced to reach failure. This analysis is repeated for every WT
level, in order to understand the safety reserve corresponding
to the various hydraulic conditions.

Three different intervention situations are investigated, as in-
dicated in Fig. 12:

Fig. 9 Piezometer surveys at A, C, B, and D locations
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Fig. 10 FEM model geometry and mesh

® without any intervention (case 1);

® with the anchors already realized (case 2);

® with a hypothetical second group of anchors added to the 1°
group already realized (case 3).

The first group of reinforcements are those realized in 2014,
e.g., the 32 anchors arranged in three alignments (A, B, and C),
while the hypothetical second group of 15 tie rods (not realized) is
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Fig. 11 Effect of the limestone friction angle on FS

2152 | Landslides 18 « (2021)

considered distributed along two lines (alignments D and E). The
quantity and numbering of anchors in each alignment are:

Alignment A: no. 8 anchors (from 1 to 8);
Alignment B: no. 12 anchors (from 9 to 20);
Alignment C: no. 12 anchors (from 21 to 32);
Alignment D: no. 10 anchors (from 33 to 42);
Alignment E: no. 5 anchors (from 43 to 47).

In finite element analysis, the problem of the mesh size defini-
tion is well known (e.g., More and Bindu 2015; Li and Wierzbicki
2009). The accuracy of the results and the required computing
time are in fact strongly dependent on the finite element size. The
FE models with fine mesh yield highly accurate results but may
take longer computing time. On the other hand, those FE models
with coarse mesh may lead to less accurate results but smaller
computing time. To consider this aspect, three different mesh
configurations were firstly realized, counting 307,004, 844,908,
and 1,998,016 nodes, respectively. Each simulation included both
an NLS analysis with an assigned groundwater level (=10 m) and
a stability analysis obtained by SRM; in this way, the time needed
to complete this analysis provides an important reference for
estimating the overall time to perform 6 water table positions
for each of the three cases analyzed. In agreement with what
already evidenced by the authors, the coarser mesh leaded to
underestimating the deformations and consequent displacements,
thus overestimating the safety factor of the slope. On the other
hand, the finer mesh requested more than 52 h to complete only
one WT position analysis. This means that an estimate of the
computing time required to perform all the simulations would
exceed 40 days, thus making this choice of mesh size impractical.
The intermediate case instead allowed to obtain a good

Composite
anchors:

1° group @—
2°group e—

Fig. 12 FEM model geometry and mesh with positions of the two groups of
anchors



compromise between reliability of the results and computational
times (around 8 h for one WT position, nearly 5 days for all the
cases). It should be emphasized that all the analyses presented in
the follow allow for a relative comparison, not aiming to be an
absolute reference for the case study. Furthermore, the calibration
phase for selecting the soil parameters was carried out with the
back-analysis (FS=1 for WT —5 m) using the medium mesh: the
same mesh was then adopted for all the other analyses.

Numerical analysis results

The critical values of the strength reduction factor (SRF) obtained
with the various water levels with the SRM analysis, and assumed
here as the safety factor FS, are listed in Table 2. In Figs. 13 and 14
are reported for comparison the total displacement distribution
obtained with the NLS-WLR analyses for a WT at —7.5 m from GL
with the three cases of absence of reinforcements or with 3 or 5
alignments.

It is possible to note that without interventions, the slope
becomes unstable when the water table rises to —5 m of depth,
according with the calibration previously performed. Indeed, sig-
nificant deformations were observed when the water table reached
the minimum in situ observed depth, around 7-8 m from the
ground surface (Fig. 13).

Of course, the anchors show stabilization effects, as FS increases
for all the water levels considered. For instance, the anchors
already realized (case 2) permit the increase of the FS value
corresponding to a water table at —10 m from 1.06 to 1.20, which
corresponds to an increment of 10%. When the water table reaches
—s5 m, the slope still proves to be stable (FS = 1.03), but the value of
FS is so close to the unit that it indicates a condition approaching
instability. The new group of anchors (case 3) would make it
possible to further increase the safety factor, reaching a more
stable condition for every water table position examined. Anyway,
the value of safety factor when the water table is at —5 m is still not
completely satisfactory, even if it becomes 1.10. Nonetheless, con-
sidering that the peak value observed for the water table was close
to —7.5 m, it is evident that the realization of the further alignment
of anchors would give a relevant stabilization effect, increasing FS
from 1.10 to 1.14.

The maximum movement observed in the original slope when
the WT arrives to —7.5 m exceeds 40 cm (Fig. 13). The zone of
maximum displacement is located immediately downstream of the
road S.P. 246 in the central part of the slope. Moreover, the
distribution of displacements shows important variability in space,
justifying the large fissures observed on site. The displacements
corresponding to the same WT for case 2 and case 3 are reported

Table 2 Safety factors obtained in the different cases from the FEM analyses.

Water table position (m) Safety Eactor, FS

Case 1 ase 2 Case 3
-20 1.19 1.30 1.35
—-15 1.18 1.27 1.30
-125 117 1.25 1.29
-10 1.12 1.20 1.25
-7.5 1.06 1.10 1.14
=5 less than 1 1.03 1.10

in Fig. 14 using an enlarged color scale respect that is used in Fig. 13
to better visualize the space distribution of displacements, which
are strongly reduced. In fact, by the comparison of analyses with
the same water conditions, it is evident that the entity of displace-
ments significantly reduces with the anchor installation and mov-
ing from case 2 to case 3, reaching maximum values of less than
22 cm and 17 cm, respectively.

Of course, with a lower WT, the displacements are smaller; for
example, when the water table is located at —10 m from the ground
level, the maximum displacement moves from 10.2 cm with no
reinforcements to 6.1 cm with the first group of anchors and to
5.4 cm with the second group.

Figure 14b and d also show the distribution of displacements
along section B-D connecting the positions of inclinometers B and
D, again for the case with WT at —7.5 m. Moreover, in Fig. 14b, the
vertical distribution of displacements obtained at the inclinome-
ters B and D after the anchor installation are overdrawn for
comparison. It is evident that the model correctly identifies the
sliding surface; moreover, it is interesting to note that the rein-
forcements of the hypothetic alignments D and E would reduce
slope instability, particularly in the part of the slope above the
road.

Stress and strain on anchors

For all the phases and the geometric configurations previously
presented, the stresses acting on the reinforcements were ana-
lyzed. For the anchors, an elasto-plastic constitutive law, like that
sketched in Fig. 15, was adopted to numerically describe the axial
stress-strain behavior of the anchors.

The distribution of the axial forces along the anchors follows, in
all cases, a pattern similar to those shown in Fig. 16; the stress is
minimal in correspondence with the anchor plates and increases
with depth in the “active” portion of the reinforcement (inside the
moving mass). The maximum traction value is observed near the
interface with the more rigid layer, represented by the sandstones,
where the lateral shear stresses reverse the direction and the
“passive” portion of the tie rod begins. In particular, Fig. 16 shows
the axial forces along anchor no. 14 for two different water table
levels and, respectively, for the situation with only the first group
of reinforcements installed (case 2, Fig. 16a and b) and when both
the groups are included (case 3, Fig. 16c and d). This anchor is
located in the central portion of alignment B, exactly in the center
of the instable body. Comparing Fig. 16a and 16b, it is evident that
when the water table level moves from —12.5 to—7.5 m under the
ground surface, the maximum axial force passes from 1917 to 2500
kN in case 2. The increase in the axial force is slightly reduced
when all five anchor alignments are present: in this case, as Fig. 16d
shows, the axial force of anchor no. 14 reaches the maximum value
of 2478 kN. A less significant difference for the anchor axial force
is observed between case 2 and case 3 when the water table is at
—10 m or deeper. On the contrary, the effect of the floating anchors
of alignments D and E becomes relevant when the instable mass
begins to show increasing displacements.

It is very interesting to compare the maximum axial forces of
anchors, Tpax as they are calculated from the NLS-WLR analyses
in relation to their position, the water level, and the anchor
configurations (Figs. 17 and 18). In general, the maximum axial
forces tend to increase with the increasing water table, and in
particular, the reinforcements suffer an important increase of T pax
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Fig. 13 Contour plot of the total displacements for case 1 in NLS-WLR analysis conditions, imposing WT =—7.5 m

when the WT reaches or exceeds the level of —10 m from the tensile strength (2920 kN) when the water table is at —5 m from the
ground level. Figure 17 shows that the anchors reach the ultimate slope level. This is evident for the anchors of alignment B, located
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Fig. 14 Contour plot of the total displacements in NLS-WLR analysis conditions, imposing WT =—7.5 m for (a) map view and (b) section B-D case 2; and (c) map view
and (d) section B-D case 3. The contour range is different from that of Fig. 13
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Fig. 15 Anchor’s constitutive law

in the central portion of the landslide, while the more external
reinforcements of alignments A and C still present a reserve of
resistance, even if not very high.

The addition of two lines of tie rods (alignment D and E) leads to
a general reduction of the axial force and to a more homogeneous
distribution of the stresses in the three alignments of the first group
of reinforcements. This reduction is particularly evident when the
water table is located at —5 m from GL, while it is less significant
when the water table drops below 10 m of depth. Moreover, the
anchors of the 2nd group, arranged in two lines upstream and
downstream of alignment B, respectively, are subjected to greater
axial stresses than the reinforcements of the 1st group; this suggests
that the position of these two alignments is correctly hypothesized.
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As already observed, some anchors reach the ultimate tensile
strength when the water table rises to —5 m, in particular, all the
anchors of alignment B in case 2, and all those of alignments D and E
in case 3. Figure 19a shows the axial force profile along anchor no. 14
in case 2, while Fig. 19b and 19c¢ report the axial forces in anchors no.
36 and no. 45, in case 3. Note that all the plots are for WT at —5 from
GL and that all the anchors reported here are close to the central
section of the landslide, in alignments B, D, and E, respectively. It is
observable that all these anchors reach the maximum axial force at
the intersection with the interface, the layer in which the sliding
occurs. Consequently, the anchor, reaching its ultimate limit, shows
precisely the depth at which it encounters the interface, correspond-
ing to the position where the axial force is the maximum. Clearly, this
intersection takes place at different depths, depending on the posi-
tion and inclination of each anchor: anchor no. 14 shows the peak
around 20 m far from the external slab, while anchors no. 36 and no.
44 around 25 m and 13 m, respectively.

Once this limit is reached, the axial force inside the reinforcement
cannot increase anymore. The consequent effect is a redistribution of
the axial load along the length of the same anchor with a gradual
increase of the anchor tension in a decreasing distribution moving from
the peak towards the external end. The portion of anchors in the passive
zone does not show evident variations, once the anchor has reached the
ultimate limit. Moreover, if the pull-out resistance of the rock in the
passive zone is very good, a portion of the anchors resulted unloaded.
This behavior suggests that the anchorage has gradually more and more
points in limit conditions in the active zone, while no great variations
occur within the part included in the passive zone, a part that can
therefore be reduced installing a shorter anchorage. In fact, it is evident
that all the anchors shown in Fig. 19 have an oversized length, while they
show acceptable behavior in terms of resistant strength, taking into
account that the water table has never arrived at a level close to —5 m.
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Fig. 17 Maximum axial forces on various anchors for different position of water table in case 2

Conclusions

The paper presents an interesting modular stabilization of a landslide
with composite floating anchors, a new type of passive reinforcements
obtained by introducing a small modification to the standard bars for
soil nailing; in this way, it is possible to combine the advantages of self-
drilling bar installation with that of traditional anchors.

Among their advantages, the most important are the very flexible
installation, the high tensile resistance, the modularity, and, above all,
the adaption of actions in relation to eventual displacements successive-
ly experienced by the slope, if the latter has not completely stabilized.
Moreover, they offer the possibility to be partially pre-tensioned in order
to reduce the displacements needed to come in effect.

The modularity, combined with the observational approach
currently included in by many national codes, allows the stabili-
zation of slow landslides in compliance with cost constraints. In
fact, when the economical budget is limited, a first minor inter-
vention can be performed immediately after the landslide occurs;
this can be subsequently improved to increase the degree of safety
of the area, according to the results of a monitoring system and to
an accurate analysis of the slope stability conditions. The choice of
the threshold value of the maximum acceptable displacement rate
for a slope allows to design the type of intervention and, therefore,

to accurately verify its effectiveness. The modularity of the instal-
lation of the reinforcements then allows the intervention to be
adapted to the real stratigraphy and consistency of the in situ
formation found during the construction of the work. In addition,
after the end of the work, if the slope has not actually decreased its
deformation rate below the chosen limit value, an addition of
reinforcements can be installed. In conclusion, the use of modular
and adaptable reinforcements makes it possible to create site-
specific solutions, thus limiting costs and optimizing performance.

To make the most of these advantages, it is fundamental to activate a
monitoring system, and, in the meanwhile, perform some analyses. To
this aim, the availability of 3D FE models of the slope and anchors now
permits a better exploitation of the advantages of composite anchors,
analyzing their optimal spatial distribution on the slope.

In the case study presented, although the number of reinforce-
ments installed in a first phase does not allow complete elimina-
tion of post-intervention slope deformations, the measurements
performed for 4 years after the anchors’ installation show a sig-
nificant reduction of the post-work displacement rates, thus prov-
ing the viability and technical efficiency of the method. In the
current state, there are two areas not yet fully stabilized. Here,
the 3D FE model shows that important displacements could still
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Fig. 18 Maximum axial forces on various anchors for different position of water table in case 3
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Fig. 19 Axial forces: (a) anchor nr 14, W.T. =5 m — case 2; (b) anchor nr 36, W.T. =5 m — case 3; (c) anchor nr 45, W.T. =5 — case 3

occur if particularly heavy rains, such as those which triggered the
initial movements, cause significant increases in the piezometric
level. A second intervention phase has been hypothesized, with the
aim of further reducing the expected deformations in the areas at
the highest risk of instability and redistributing the actions
stressing the most active reinforcements. The additional anchors
allow reduction of the maximum tractions in the bars by 10-20%
in normal conditions, even if when the water table reaches the
maximum level supposed many anchors still work at their limits.
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