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Abstract: Composite anchors are special passive sub-horizontal reinforcements recently developed
for remediation of unstable slopes. They are composed of a hollow steel bar, installed by a self-drilling
technique in the soil, coupled with tendons cemented in the inner hole to increase the global anchor
tensile strength. The anchors are primarily intended to stabilise medium to deep landslides, both in
soils or weathered rock masses. Among the valuable advantages of composite anchors are their low
cost, ease of installation, and flexibility in execution, as testified by a rapid increase in their use in
recent years. The bond strength at the soil-anchor interface is the main parameter for both the design
of these reinforcements and the evaluation of their long-term effects for landslide stabilisation. After
a brief description of the composite anchor technology, this paper presents a novel methodology for
monitoring the strain and stress accumulated in the anchors over time when installed in an unstable
slope. The new monitoring system is composed of a distributed fibre optic sensing system, exploiting
the optical frequency domain reflectometry (OFDR) technique, to measure the strain exerted on the
optical fibre cable embedded with the tendons inside the bar. The system permits an evaluation of
the axial force distribution in the anchor and the soil-anchor interface actions with a spatial resolution
of up to some millimetres. Therefore, it allows determination of the stabilising capability associated
with the specific hydrogeological conditions of the site. Furthermore, upon an extensive validation,
the system may become part of a standard practice to be applied in this type of intervention, aimed at
evaluating the effectiveness of the anchor installation and its evolution over time.

Keywords: slope stabilisation; passive anchors; distributed optical fibre sensor; soil-anchor interface

1. Introduction

Many areas of the world are highly susceptible to landslides [1,2] and this type of natural hazard
causes extensive damage and human losses (about 4000 fatalities/year over the world in the period of
2004 to 2010). Fortunately, despite the fact that fatalities related to landslides are relatively low, Italy
is greatly affected by landslides. Research seeking low-cost solutions for risk mitigation and slope
stabilisation is of primary importance in all susceptible regions and in Italy, in particular. In 2012,
the University of Padova, in partnership with the regional public agencies and some Italian companies,

Geosciences 2019, 9, 240; d0i:10.3390/geosciences9050240 www.mdpi.com/journal/geosciences


http://www.mdpi.com/journal/geosciences
http://www.mdpi.com
https://orcid.org/0000-0003-4573-7383
https://orcid.org/0000-0002-1077-8874
https://orcid.org/0000-0001-6557-0547
http://www.mdpi.com/2076-3263/9/5/240?type=check_update&version=1
http://dx.doi.org/10.3390/geosciences9050240
http://www.mdpi.com/journal/geosciences

Geosciences 2019, 9, 240 2 of 21

began researching the development and performance-cost evaluation of an innovative technique for
landslide stabilisation, named ‘composite anchors’ [3-6].

Composite anchors are improved passive reinforcements installed in the site with the self-drilling
technique. The reinforcement is constituted by a hollow carbon steel bar with external ribs to improve
nail-grout adhesion. The bar is coupled with one or more harmonic steel strands, which are inserted in
the inner cavity of the bar after its installation. The strands are then cemented with a special grout, so
that the two elements (bar and strands) may work jointly (Figure 1). In this way, the system permits
broadening of the application fields of the passive anchors and improvement of their mechanical
behaviour. Moreover, before their cementation, the inner strands can be pre-tensioned or not, thus
obtaining composite anchors working either passively or actively. However, until now, the passive
modality has mainly been adopted in applications on landslides.

The anchor is capped with an external plate, generally constituted by a precast concrete
frusto-conical element with a central cavity for bar insertion and a nut that fixes the plate to the bar.
As soon as the landslide undergoes movements, the soil behind the plate loads it, while the shear
stress along the anchors activates the bar, triggering a reinforcement effect. The plate’s role is to
distribute the traction acting at the bar head onto the soil; since the head traction is generally not
extremely high, small plates may be used. Moreover, since the reinforcements are mostly passive
(i.e., not pre-tensioned), the soil can cover the external plates, reducing the aesthetic impact on the
landscape. It is important that precautions against corrosion of metallic elements are adopted in order
to ensure durability of the anchors over time [7,8].

With respect to traditional anchor bars, the composite anchor has many geotechnical and
technological advantages. They provide the following:

e  The same mechanical properties at a lower cost.

e  Higher ultimate tensile strength and lower elongation in the serviceability state.

e  Greater durability (reduced cracking, better protection from corrosion).

e  Easier transportation and quick installation.

e Length adaptability to different geological and geotechnical in-situ conditions.

e  Higher flexural inertia and better continuity given by the strands to the full reinforcement when
compared to a simple coupling sleeve.

Composite anchors can be applied to various geotechnical works and offer the most considerable
advantages in landslide stabilisation, where large stabilising forces are needed. In this case, their use
follows the approach of the so-called ‘floating anchor” [5,6]. This type of anchor consists in installing
passive sub-horizontal reinforcements in order to increase the forces that contrast the sliding. As in soil
nailing [9-11], the passive reinforcements are grouted in the soil along the entire profile, guaranteeing
a sufficient foundation in the stable deep zone. In floating anchors, the external concrete slabs have
an appropriate shape and size, but they are not rigidly connected to each other. If movements in
the slope occur, axial forces are generated in the passive reinforcements because of the shear stresses
increasing at the soil-grout interface once the mass is slowly moving. These axial forces oppose part of
the destabilising forces, thus reducing the landslide evolution process until, eventually, it completely
stops. Since the axial head force at the external slab is small, the system does not require a continuous
facing, and if the slope deforms, the slabs may be buried inside the slope and disappear under the
ground surface (Figure 2).
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Figure 1. Elements of the composite anchors.
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Figure 2. Working schemes of the “floating anchor” technique with composite bars and external slab [6].

Since the interactions between the soil-bar and strand-bar are the most important aspects on
which depend both the design of these reinforcements and the assessment of their efficiency on the
stabilization of an existing (or potential) landslide, this research group is engaged in evaluating these
interactions by means of laboratory tests and on-site measurements. After a first attempt, in which
Bisson et al. [5] used strain gauges with not completely satisfactory results, we applied distributed
fibre optic sensors (DFOSs) [12,13] to better measure the strain of composite anchors.

These sensors, based on fibre optic technology, allow the measurement of strain and temperature
with very high spatial resolution and high sensitivity. The operating principle of DFOSs is based
on the injection of a light wave in an optical fibre and on the analysis of the back-reflected light
signal generated by the scattering effects in the silica composing the fibre. The DFOSs currently
available exploit one or more of the three different scattering phenomena that take place in the
fibre, namely the Brillouin, Rayleigh, and Raman scattering [12]. The Brillouin-based DFOSs are the
most used for the measurement of strain over a long range and many geotechnical applications of
these sensors in engineering have been developed in the recent past (e.g., [14]). The applications
employing Rayleigh-based DFOSs are less common than others, mostly due to a more limited range of
measurement (some tens of meters) and the higher cost of the interrogation unit. Nonetheless, since
the Rayleigh-based DFOSs measure strain and temperature with unprecedented spatial resolution,
they are often used in small scale physical models and setups, or in smaller areas where dense spatial
sampling with minimal invasiveness is required [13,15,16]. In fact, one of the optical sensing techniques
exploiting Rayleigh scattering is optical frequency domain reflectometry (OFDR), which assures a
spatial resolution of some millimetres [17]. Brillouin-based sensors, on the other hand, usually are
limited to some tens of centimetres at best [12].

Many researchers have studied the interaction mechanism between soil nails and different soils
(e.g., [18-24]). Only a few have focused on the use of optical fibre sensors to monitor strain and stress
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along soil nails or anchors. The majority of these attempts were carried out in a laboratory, where the
fibre can be handled more easily, and proposed the fibre Bragg grating (FBG) sensing technique [25-28].
Only few of them used DFOSs in site [29-31]. This technique provides single-point measurements
(one measurement point for each fibre Bragg grating written on the fibre). It is analogous to the short
base-length resistive strain gauges, yet with much fewer cabling issues, as FBGs are daisy-chained
along the same fibre. In addition, the achievable spatial resolution using the FBG technique is, in
principle, similar to that of the electrical techniques, while the number of sensing points per single
fibre is determined by the expected maximum strain. Realistically, for this kind of application, this
number is limited to 10 to 20 FBGs, i.e., sensing points, per fibre.

To overcome this limitation, optical fibre distributed sensing has been successfully used to measure
soil-nail deformations. Amatya et al. [32] used a Brillouin optical time domain reflectometry (BOTDR)
technique to monitor the strain exerted on some steel soil anchors, shorter than 10 m, installed in a steep
slope cut by a highway. The soil nails (hollow Dywidag ribbed bars) were prepared in the laboratory
and a twelve-core ribbon optical fibre cable was externally glued on the nails at fixed intervals along
their length. Some of the nails survived neither the handling nor the transportation, and the authors
highlighted the need for a more robust monitoring system.

Two years later, Iten et al. [33] measured the strain exerted on a short (10 m-long) steel ground
anchor using the BOTDR technique, after having first tested its feasibility by laboratory pull-out tests.
Hong et al. [34] instrumented a 35 m-long GFRP bar soil nail in the field with an optical fibre in
a loop configuration for the distributed measurement of strain and temperature. They exploited a
Brillouin optical time domain analysis (BOTDA) technique with positive results, but limited spatial
resolution (0.4 m), concluding that other fully distributed sensing technologies should be used to verify
the present sensor performance. More recently, Monsberger et al. [35] used the OFDR technique to
measure the strain and curvature of 5 m-long steel grouted anchors with a very high spatial resolution.
The steel bars, 26 mm in diameter, were equipped with optical fibres cemented in two longitudinal
grooves in opposed positions. This manufacturing approach, although very precise and reproducible,
requires the bar to be instrumented for its entire length and it is not feasible for the realisation and
installation of long bars.

Composite anchors offer the possibility to install the FOS inside the cavity together with the
strands. The subsequent cementation of the cavity assures the connection between the bar and the fibre
that become, in this way, a good system for acquiring the strain along the bar. In order to investigate this
possibility and the behaviour of composite anchors on a landslide, extensive research was undertaken.
In the first phase, the authors carried out preliminary laboratory work aimed at verifying the reliability
of the coupling among the bar, strand, and optical fibre. A subsequent phase, i.e., installation of FOS
on an active landslide with the aim of monitoring the prompt activation of the soil-bar interaction with
the landslide evolution, is currently in progress, and only some preliminary data sets are available at
the moment. Therefore, this paper focuses on the presentation and discussion of the results of the first
phase and only some preliminary results related to the DFOS’ installation on-site are discussed in the
final part of the paper.

2. Coupling the Fibre to the Composite Bars

With respect to other research performed with DFOSs on soil nailing bars, composite anchors
offer the possibility to instrument nails directly on the field, with high chances of fibre survivability
during installation and operation. The installation is performed in two steps: First, the composite
anchor is installed on site using the self-drilling technique; then, one or more harmonic steel tendons,
fibre-optic equipped, are inserted in the inner cavity of the bar. The fibre is coupled to the tendons
using steel hose clips at the bottom and can be pre-tensioned with the strands, if needed. Properly
designed plastic cable ties keep the fibre sufficiently aligned along the length of the strands, to prevent
the fibre from wrapping around the strands. The special grout used to cement the strands is effective
also for the fibres” coupling, avoiding the use of additional treatment. With respect to other recent
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installation procedures [35], long bars can be easily produced and instrumented. Finally, the spatial
resolution that can be obtained employing OFDR is at least one order of magnitude better than that of
Brillouin-based techniques [32,34].

3. Laboratory Tests

The laboratory experiment consists in traction tests performed on 10 bars, 5 of them equipped
with a 0.6” harmonic steel tendon, cemented in the centre of the bar cavity, and 5 without a strand.
The tests are labelled with the capital letter “S” for simple bars and “C” for composite bars, followed by
a number ranging from 1 to 5. The bar is a Sirive®R51 (Cornedo Vicentino (VI), Italy), 3 m long, with
nominal and average internal diameters equal to 51 and 30 mm, respectively, a nominal cross-section of
1200 mm?, and a maximum tensile strength of 800 kN. The tendon has a nominal diameter of 15.2 mm
and a cross-section of 140 mm?; its maximum tensile strength is 240 kN.

All the bars are equipped with an optical cable, embedded in the bar by filling the inner cavity
with cement. The optical cable is the BRUsens@© strain V9 (Brugg, Switzerland), with a measurement
range of up to 1% strain, which is achieved with a tensile load of 470 N. The cable is made up of an
inner optical fibre hermetically sealed in a metal tube, which protects the fibre. In order to enhance the
grip with the hosting material, i.e., the cement, the cable has a plastic corrugated sheath with 0.7 mm
deep and 5 mm spaced indentations. To assure a reproducible installation, during the set up, the strand
is held in a central position by plastic hooks, specifically designed and 3D-printed for this purpose
(Figure 3a). The same hooks keep the fibre straight and close to the strand.

After the cement curing time—that is, after 28 days (Figure 3b)—the bars are subjected to traction
using an oleo-dynamic hollow jack, manually operated. The bar is fixed on the jack by 4 nuts per
side, as shown in Figure 4. The tensile test is carried out by applying a step by step load only to the
central portion BC, 60 to 65 cm long, while the DFOS records the strain profile along the entire bar.
A strain measurement is performed immediately after the application of each load increment and
then again after 20 s, before increasing the load again. The interval of 20 s is adopted in order to have
a double measure, without accumulating relevant viscous strain. The optical fibre readings taken
immediately and after 20 s do not present appreciable differences at small and medium loads: only
at the highest loads do some differences appear, probably due to the development of viscous-plastic
strain. No temperature correction is applied to the DFOS strain measures since each test is performed
in less than one hour in a room at an almost constant temperature.

In order to provide a comparison with strain determined by the traditional sensor, the bar
elongation is also estimated from the relative horizontal displacement of the plates, B and C, recorded
by two analogical micrometres.

(b)

Figure 3. Plastic hooks for coupling the DFOS (distributed fibre optic sensors) to the tendon in a

composite bar: (a) element for extremity; (b) internal element.
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Results

Figures 5 and 6 present the strain measured by the DFOS along the simple and composite bars,
respectively. Only the data referring to the portions of bar subjected to traction are represented;
the portions in correspondence to the locking nuts are indicated in each plot by two shaded areas.

Even with some differences between the simple and composite bars, the curves obtained for all tests
are similar, proving high repeatability of the experiment, both for the simple and the reinforced bars.

O

B

x S

Cc

1T

F

Figure 4. Set up for traction tests on composite and single bars in the laboratory: the segments OA and
DF are free portions; portions AB and CD are nuts for fixing the bar to the jack; the central segment BC

is the portion loaded with the jack.
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Figure 5. Strain recorded by DFOSs on simple bars (S1-S5) tested in the laboratory.
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Figure 6. Strain recorded by DFOSs on composite bars (C1-C5) tested in the laboratory.

In all the tests, there is a central portion of the bar in which the strain is almost constant and two
lateral portions, close to the plates and the locking nuts, in which the strain reaches exceptionally high
values. The difference between the mean strain in the central portion and the maximum values near
the plates is slight for the lighter tensile loads, but becomes extremely large as the load increases. In the
simple bars, the central portion presenting an almost constant strain is about 40 cm long; the length of
the transition portions, i.e., the portions in which the maximum strain recorded in correspondence to
the nuts decreases until reaching the minimum value observed in the middle of the bars, measures
about 10 cm per side. In composite bars, the central portion at constant strain shortens as the transition
portions lengthen, especially at higher loads, where, in some cases, the central portion diminishes to
under 10 cm. The causes of this heterogeneous strain profile may be twofold: The occurrence of a bar
squeezing in correspondence to the nuts and the existence of an anchoring length in which a part of
the load applied to the bars by the locking nuts is transferred to the strand inside the cavity.

To the authors” knowledge, no experimental evidence of the first phenomenon is available in the
literature. However, it is reasonable that, with the application of tensile force, the bar starts to slide
with respect to the nuts, but the interlocking of the ribbons of the bar with the ribbons of the nuts
strongly reduces the bar’s mobility. This mechanism gives rise to a local reduction of diameter, i.e.,
a squeezing of the bar, which in turn produces an increment in the radial constraint on the fibre, and a
possible consequent local increase of the axial strain. This phenomenon can explain the difference of
strain measured in the middle of the bar and close to the plate, observed both in simple and composite
bars. It is reasonable to believe that the effect is stronger when the nuts are strongly locked on the bar
against the plate; since the nuts are manually locked, the squeezing effect due to this interlocking is not
constant in all the nuts. This fact may justify the unusual shape of the curves in the locking portion. In
fact, the strain does not vary linearly, but seems to increase in steps, with unequal values in the four
existing nuts.

The second phenomenon is similar to what occurs in concrete reinforcements. The anchoring
length for concrete reinforcements is the initial portion of a reinforcement in which the load varies from
zero to a no-zero value, the latter being related to the transfer of stresses acting on the concrete to the
reinforcement, thanks to the tangential stresses developing at the interface of the concrete-reinforcement.
This phenomenon explains why the length of the transition portion is more significant in the composite
bars. Note that the measurements with DFOSs become very irregular when the recorded maximum
strain exceeds, at some point, the limit of 11,000 to 12,000-ue = 1.1% to 1.2%. The spikes that are
observed in the strain curves at larger loads are not real, likely due to the correlation algorithm used
to track the Rayleigh shift in the OFDR interrogator, which can fail when a very large spatial strain
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gradient occurs. Interestingly, similar spikes have been observed in other applications [36], yet were
ascribed to physically-induced anomalies rather than to a limitation of the measurement technique.
Unfortunately, due to the squeezing effect, the strain gradient reaches high values early on during the
test, although the strain in the middle of the bar is still within the measurable range. This fact limits
the range of load in which the fibre gives reliable measures along the entire anchors. Nevertheless,
the tests continue up to the maximum load applicable by the oleo-dynamic piston, corresponding to
a global strain measured by traditional sensors of about 4% to 5%. Even at this strain, the complete
failure of the bars does not emerge externally.

Figure 7 reports the trend of the traction force, F, and the relative secant stiffness, EA, calculated as
F/e and determined during the tests on the simple bars. The curves in Figure 7a refer to the mean strain
recorded by the distributed fibre sensors on the 20 cm-long central portion of the bars; the same strain
values are used to determine the relative stiffness. Figure 7b compares the curves obtained considering
the mean strain measured by the distributed fibre sensors in the central 20 cm-long portion and the
entire portion, BC, of the bars: In this case, only the data of tests on the bars, S2 and 54, are reported for
clarity of the plot, but the curves of other tests are similar. Again, the high repeatability of the tests is
evident, as well as the reliability of DFOSs as sensors for measuring strain in these tests.
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Figure 7. Traction vs strain and bar stiffness vs strain on simple bars tested in the laboratory: (a) mean
strain recorded by the DFOS in the central 20 cm; (b) mean strain recorded by the DFOS in the central
20 cm vs. entire portion BC.

Moreover, considering both the trend of the traction force and the correspondent secant stiffness,
EA, it is clear that the bar squeezing close to the nuts only slightly affects the stiffness value at small
loads. Remarkably, the stiffness calculated using the mean value of strain in the central 20 cm or on the
portion, BC, is still within the EA variability presented in the various tests.
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It is interesting to note that, in the range of the investigated strain, the secant stiffness, EA, is not
constant, and the bars show a non-linear behaviour with a stiffness decreasing by 50% at strains higher
than 0.4%. The maximum experimental stiffness is around 230,000 to 280,000 kN, which corresponds to
the equivalent stiffness of the bar determined considering the stiffness of various components according
to the equation:

EAyy = EcAc + EpAy = EpA, 1

where E; and E, are the Young modulus of the cement mortar and steel constituting the cavity filling
and the bar, and A; and A; are the corresponding cross-sections. Assuming that the cement is not
working in traction, E; = 204,000 MPa for steel 5460, and A, = 1200 mm?, the equivalent stiffness
proves to be EA.; = 241,200 kPa. This equivalent stiffness is indicated in the plots for reference.

Despite the fact that the strain curves of Figures 5 and 6 correspond to slightly different applied
loads, a comparison of the curves permits the observation that the composite bars are more rigid than
the simple bars at larger loads. In fact, the strains accumulated in the portion, BC, for traction forces
less than 600 kN are quite similar, but above this threshold, the strain in the single bars increases much
more than in the composite bars.

Figure 8 reports the trend of traction and the relative calculated secant stiffness, EA, compared to
the strain measured on composite bars. Again, it is possible to observe that the tests and the relative
measurements with the DFOS show high repeatability and that the squeezing affects the strain values
mainly at large elongation, while its effects are quite negligible for strain less than 0.5% to 0.6%.

] / ]
800 | 800 / -
] / EA,,=269340 kN | / /EAeq=269340 kN
1 I i /
= 600 ] | = 600 /
= ] / X, ]
5 ] Composite bars 5 Composite bars
§ 400 - Strain in central 20 cm :.é 400 -
= i Bar C1 = ] C2 20cm
1 —— BarC2 ] — — ©260cm
200 —— BarC3 200 + C2 20cm
] —— BarC4 ] — — C460cm
] —— BarC5 i
0 0
i i
| 4x10°
g 3107 EA,,=269340 kN é 1
< T\ = _eqf ____________ < 5 _|]
w ] W 3x10°7 EA.,=269340 kN
1] | % ——————————————————
: g
'.i 2x1 05_ ‘E 2x1 05_
g g
I 10°
10+ "'I"'I\'"I"'I'
0 0,4 0,8 1,2 1,6 0 0,4 0,8 1,2 1,6
Axial strain [%] Axial strain [%]
(a) (b)

Figure 8. Traction vs strain and bar stiffness vs strain on composite bars tested in the laboratory:
(a) mean strain recorded by the DFOS in the central 20 cm; (b) mean strain recorded by the DFOS in the
central 20 cm vs entire portion BC.
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Also, for the composite bars, the maximum stiffness, EA, determined from the DFOS measurements

is extremely close to the equivalent theoretical stiffness calculated with the equation:

EAey = EcAc + EpAp + EsAs = EpAp + EsAs 2)

where E; and A; are the Young modulus and the cross section of the strand, equal to 201,000 MPa and

140 mm? respectively. In accordance with Equation (2), the equivalent maximum stiffness, EAgq, proves
to be equal to 269,340 kN (represented for reference in Figure 8).

In Figure 9, the traction and stiffness vs strain of composite bars are compared to those of simple
bars. In particular, Figure 9a presents the traction and equivalent stiffness vs strain in the central
portion, 20 cm long, while Figure 9b presents the trend of the same parameters, but calculated and
plotted vs strain determined from the external displacement transducers. One can note that the strain
measured by the DFOS at each load step is four times less than that measured by the traditional
analogical micrometre. Consequently, the maximum secant stiffness determinable with the external
comparators is around 60 MN, against a value of 240 to 270 MN obtained through the DFOS measures
and Equations (1) and (2). Further investigation into this discrepancy is on-going.
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Figure 9. Comparison of traction and bar equivalent stiffness vs strain of simple and composite bars
tested in the laboratory: (a) mean strain recorded by the DFOS in the central 20 cm; (b) mean strain

recorded by external analogical micrometers.
As final remarks of the experimental activity presented here, it is possible to conclude that:

1. The coupling of the soil-nailing bars with strands, inserted in the inner cavity, increments the
tensile resistance of the bars and their elastic range, thanks to a partial redistribution of the tensile
force to the internal strand. This synergy is not achieved in the initial portion of the composite bars
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because a part of the force applied to the bars from external constraints needs to be redistributed
to the strand along the anchorage length. From these tests, the anchorage length seems to increase
with the applied load, up to about 25 cm long for traction close to the yielding load of the bar.

2. The optical fibres adopted in this measurement system are suitable for monitoring the strain of
composite bars in the elastic region, as long as the local strain remains less than 1.2%. The ribbed
cover of the fibre guarantees effective interaction between the fibre cable and the cement, thus
ensuring a reliable measurement of very small strain up to 1 pe, precision that cannot be obtained
with traditional sensors.

4. On-Site Installation

4.1. Landslide Features

The on-site installation of the composite anchors equipped with DFOSs was carried out in June
2018 at the Giucano landslide. The landslide is located in the Lumigiana valley (Fosdinovo, Tuscany,
Italy). It occurred in May 2013 after a period of very intense precipitation and reactivated in spring 2014
after another period of intense and prolonged rains. After these two significant events, the movements
ceased almost entirely because the following years were relatively dry.

Figure 10 shows a map of the involved area, according to the survey performed by Sirgiovanni [37].
The landslide, a roto-translational movement with a sliding surface down to a maximum depth of
about 12 to 13 m, has an extension of about 200 m X 150 m. There is also some evidence of slight
movements outside the area involved in the 2013 and 2014 events.

Main body of the active
landslide

E Failure surface
/‘ Traction cracks

After 2014:

Main injuries of the soil with
both horizontal and vertical
opening

X
W\’

VA

Traction cracks

Small detachment niches
Water stagnation areas
Resurgence water
Retaining structure (2017)

Installed composite anchors

80 120 160 200

Figure 10. Map of the Giucano landslide activated in May 2013.

The on-site investigation consisted of a geomorphological survey, in-situ boreholes, inclinometer
installation and monitoring, and seismic surveys according to the P-wave refraction method along
some lines [37]. In the area, the formation of Canetolo constitutes the rock base. The formation of
Canetolo is a sedimentary formation presenting layers of dark-grey claystone closely interbedded
with layers of marl and limestones, which have a thickness ranging from some centimetres to few
decimetres. The bedrock is found between 12 and 13 m of depth and is characterised by a P-wave
propagation rate, Vp = 2000-3000 m/s, in the upper, more fractured and weathered part, and 3000 m/s
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in the deepest portion. The movements involve the colluvium, which can be subdivided into two
layers. The upper layer, from 3 to 5 m thick, is composed of cobbles and boulders of limestone in a
loose silty-clayey matrix and presents a Vp value less than 500 m/s. It overlaps a more compacted
colluvium characterised by a Vp value of 500 to 2000 m/s (Figure 11). The transition from one layer to
another is not clearly defined since the upper colluvium is a result of the weathering process.

Little information about the groundwater seepage and the level of the water table is available; only
one piezometer was installed in 2013, but subsequent movements irreparably damaged it. In this brief
monitoring period, the water table was found to be 12 to 13 m deep. Even so, very intense rain causes
a temporary water spring to form in a relatively flat area in the centre of the landslide (Figure 10).

Since the landslide interrupted two portions of the road, Strada Provinciale 56, that leads to the
hamlet of Giucano from the valley below, in 2016, the upper stretch of road was repaired by creating a
retaining wall composed of the following:

e  Aline of drilled piles, having a diameter of 1 m, an interspace of about 5 m, and a length of 22 m.
e A line of Tub-fix type micropiles, inclined 45° and having a nominal diameter of 250 mm,
an interspace of about 5 m, and a length of 24 m with an anchorage length of 12 m in the rock base.

e A reinforced concrete horizontal beam, 50 cm thick and 7.20 m wide, founded on piles on the
downhill side and on micropiles on the uphill side.

Inclinometric Seistic
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Figure 11. P-wave propagation rate according to surficial refraction tests compared with inclinometer
lectures and down-hole profiles.

This intervention was aimed at the stabilisation of the upper road only. It had no significant
effect on the stability of the entire area, which is still moving as seen from the measurements recently
performed at inclinometers, specifically for the present research. Moreover, the lower branch of S5.P.56
is still not passable. Figure 12 compares the displacement profile acquired at the inclinometer, SB, from
March 13 to June 6 2014 with the last measurements taken from June 27 to November 28 2018. Even if
the time intervals have the same duration, the cumulated displacements in the second period are less



Geosciences 2019, 9, 240 14 of 21

than 2 mm, significantly lower than the deformation measured in 2014 (14.5 mm). The difference is
ascribable to the minor overall precipitation in the period of 2015 to 2018, with respect to the period of
2009 to 2014. Despite this, the profile of 28 November 2018 clearly shows a discontinuity at the same
depth observed in 2014, proof that the landslide is still active, even if characterized now by a very slow
movement rate.

Due to economical restrictions, the administration cannot make other interventions in the near
future. For this reason, this landslide was chosen for the present research with the precise aim of
studying the effect of slow movements on composite anchors.

Cumulate displacement (mm)
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Figure 12. Comparison between displacements recorded in 2014 and in 2018 in the same borehole.

4.2. Testing Site

Three Sirive®R76 Special bars, 40 m-long, with a nominal diameter of 76 mm, a mean internal
diameter of 56 mm, and a cross-section of 2070 mm?, were installed with an inclination of 17.5° below
the horizontal plane (Figure 13a). The bars are equipped with five (bar n.1) or six (bars n.2 and 3) 0.6”
strands and an optical cable BRUsens@© strain V9, embedded in the bar with cement filling the inner
cavity. Bar n.2 is also equipped with a BRUsens© temperature cable 85° for temperature detection.

Figure 13. In-situ installation of the composite bars equipped with optical cables: (a) view of the

external portion of bars with metallic boxes for hosting cables; (b) set up of the oleo-dynamic piston for
the application of pre-tension to the bars.
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After the hardening of the filling cement, traction was applied on the bar with an oleo-dynamic
piston (Figure 13b) in order to force the concrete slabs against the slope surface. Then, the bars were
fixed to the concrete slabs with two nuts. Generally, the application of pre-tension is not required by the
design of a remedial work, because composite anchors belong to the group of passive reinforcements.
Nevertheless, the company who develops the composite anchors typically adopts this practice in
order to create a reliable contact between the plate and the slope, therefore reducing the landslide
displacement needed to activate the reinforcements.

The optical cables exiting from each bar are hosted inside a metal box, specifically designed to
protect the fibres from atmospheric agents and vandalism (Figure 13a).

Immediately before the application of traction, a reference measurement of the Rayleigh shift
along the optical cables was performed. Another measurement was carried out immediately after the
application of the traction in June 2018, to determine the strain and temperature exerted along the
optical fibres. Finally, an additional measurement was carried out at the beginning of October 2018.

4.3. Results from the Testing Site

Figure 14 compares the strain measured by the optical fibres along the composite anchors in June
2018, immediately after the application of pre-tension, and on October 2018. In the plots, the portion
of bars external from the ground is indicated by shaded areas. Even if only two readings are now
available, and many others will have to be performed to study the behaviour of the bars when the
landslide movements occur, it is possible to make some preliminary observations.

Let us first consider the strain profiles (e-s curves, with s the distance from the slope surface)
obtained after the pre-tension application. It is evident that the bars have a similar distribution of
strain. Excluding some extremely large strain recorded in the external portion, possibly due to the
interlocking with nuts or to a flexure deformation because of the piston weight, the maximum strain is
always measured just behind the plate. Moving inside the ground, along the bars, the strain reduces
gradually, falling to almost zero at about 16 to 17 m from the slope.

Another common feature of all the strain profiles consists of the presence of some high strains
concentrated in some anchor portions at an almost regular 3 m interspace (in the plots, some arrows
coupled with letters A and B indicate the more evident strain peaks). These high strain values are
localized in correspondence to the couplings and are due to the inevitable interaction between the
coupling device and the bars.

In order to determine the axial force, it is assumed that the axial strain measured by the optical
fibres inside the slope can be referred only to axial forces. This hypothesis is reliable if the momentum
is negligible and the cable is close to the barycentre of the bar cross-section, like in this application.
Considering the various components of the anchor, its equivalent stiffness may be calculated according
to Equation (2); correspondingly, EA.; = 557,800 kN and 584,900 kN, for composite bars with five and
six tendons, respectively. The curves of Figure 14 can be converted to axial force, F, which has the
distribution of the ¢ profile. The highest values close to the plate are about 670 kN (& = 1200 p¢) for
bar n.1 and 1290 kN for bars n.2 and n.3 (¢ ~ 2200 u¢). These force values agree with those determined
by means of the manometer of the oleo-dynamic piston only for bars n.2 and n.3. In the case of bar n.1,
the load measured with the fibre is half of that applied by the manometer, likely because the piston
was not correctly positioned.

For all the anchors, these loads remain in the elastic range of the anchors, being much lower than
their tensile strength. In fact, the maximum tractions applicable to the composite bars, resulting from
the sum of the tensile resistance of the bar (1159 kN), and the strands (260 kN/strand), are 2459 kN for
the configuration with five strands and 2719 kN for the configuration with six strands.

The decreasing of strain along the bar, and of axial force, consequently, is due to the activation of
distributed shear stress along the soil-bar interface that permits balancing of the traction imposed to
the bars and contrasts the bar pull-out. In this case, as the applied loads are not very high with respect
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to the maximum resistance of these anchors, only the superficial portion of the bars is under stress,
while the deepest portion (at s > 16-17 m) is completely unloaded and shows zero-strain.
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Figure 14. Axial strain along anchors immediately after pre-tension and after about 3 months of the

three tested composite anchors.
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It is important to note that the spatial gradient of the force-position curves is related to the shear
stress mobilised at the soil-grout interface all around the bars according to the equation:

F AF
aF ., AF ®)

T = nD.—
mob CdS As

in which Dy is the effective diameter of the anchor, considering here the ensemble of the bar with
cement and the soil cemented by injection all around the bar. The quantity, D, is unknown, because,
as reported by Cola and San Vitale [38], the self-drilling installation and the subsequent injection of the
mortar, necessary for cementing the anchor to the ground, produces an enlargement of the hole and,
generally, D, is larger than the diameter of the bar or the drilling bit. Frequently, D, is assumed as
being equal to aDy, with Dj, the diameter of the drilling bit, and o = 1.2 as suggested by Bustamante
and Doix [39] on the basis of tests carried out on injected micropiles. In our case, Dy is 175 mm, and the
effective diameter of the anchor may be assumed as being equal to D, = 1.2 x 175 = 210 mm.

The shear stress, in turn, depends on the maximum shear strength and stiffness of the soil hosting
the bar, but also on the strain or the relative displacement accumulated at the interface [34,40]. If the
cumulated displacement is large enough, the mobilised shear stress can reach the maximum shear
stress for the soil-grout contact, also known as the pull-out unitary resistance, g,,. If the cumulated
displacement continues to increase, the mobilised shear stress can remain constant or decrease,
depending on the nature of the contact. If the contact has an ideal plastic response, 7, remains
constant; otherwise, if the contact is brittle, it decreases. In any case, a constant slope of the axial strain
curve (and consequently of the force profile) proves the condition, 7,y = gu.

The maximum g, is, in turn, related to the effective vertical stress along the bars by a mean
frictional coefficient, f,;; [8,41], defined as:

qu = G;; ;]t 4)
with f; related to the frictional properties of the contact and to the injection pressure adopted for
filling the cavity.

In the case under examination, the spatial gradient of the e-s curves is not constant, a condition that
suggests a heterogeneous response of the soil crossed by the anchors, probably due to a heterogeneous
composition or soil compaction. In particular, for bar n.1, the deformed portion can be subdivided into
four sections according to different behaviour:

1.  Up to 3.9 m, in which the F-s curve is almost constant, i.e., the shear stress is almost zero.

2. sinthe range of 3.9 to 10.8 m, in which the slope of the F-s curve is constant and the mobilised
shear stress is equal to 7,,,, = 88 kPa.

3. sinthe range of 10.8 to 12.0 m, characterised by a 7,,,, = 225 kPa.

4. From 12.0 to 17.5 m, in which the gradient reduces gradually to zero.

In bars n.2 and n.3, the homogeneous parts seem to be only two:

1. From 1.5to0 9.5 m for bar n.2 and from 2 m to 7 m for bar n.3, in which the slope of the F-s curve is
constant, and the mobilised shear stress is 7,,,p = 225 and 260 kPa, respectively.
2. The deepest part in which the gradient gradually reduces to zero.

To evaluate the effective vertical stress in each portion, the soil is assumed to have a unit weight of
19 kN/m? in the absence of water (the soil is the product of the rock weathering, and it has a clayey-silty
matrix). From the map of Figure 10, the slope angle is around 27°, while the dip angle of the bars
is 17.5°.

For bar n.1, between 3.9 and 10.8 m, q,, equals 88 kPa; the depth of the portion is 5.8 m and the
corresponding mean vertical stress, ¢’;, is about 110 kPa. The friction coefficient in this portion is £,
= 88/110 = 0.80. On the contrary, between 10.8 and 12.0 m, g, is 225 kPa; as the mean depth is 8.97 m,
f i is equal to 225/170 = 1.32.
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Both f,,;; values are quite small when compared with the values reported in the literature for
self-drilling nails [41] and obtained by pull-out tests. These low values may be related to the great
length of the anchors used in this study (pull-out tests are generally performed on bars of a maximum
length of 15 to 20 m) or to the cohesive nature of the fine matrix composing the weathered soil crossed
by the anchors.

In any case, it is interesting to note that the pull-out resistance is reached with a slight strain of the
bars, which corresponds to a small relative displacement at the contact soil-anchor. Figure 15 shows
the cumulated axial elongation of the bars, determined by integrating the axial strain along the bar
profile. The plots are limited to a distance from the head of less than 22 m, as the other parts of the
curves all have zero values.
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Figure 15. Cumulated axial elongation along anchors immediately after pre-tension.

The maximum cumulated axial elongation is equal to less than 7.2 mm for bar n.1, 12 mm for
bar n.2, and 9.0 mm for bar n.3. Even if these elongations are minor, they seem to be large enough to
permit the soil to reach plasticity along the contact with the bars.

A final comment regarding the e-s curves after pre-tension is on the position of the bedrock.
The position at which the traction along the bars nullifies is at a depth of about 9.2 to 10.5 m, which
approximately corresponds to the depth of the sliding surface detected in the inclinometers. It is
possible to consider that at this depth, there is the transition to the bedrock, as also determined by the
geo-seismic survey. Likely, during the pre-tension phase, the full pull-out action performable by the
bedrock was not yet activated and the anchors still have a large reserve of resistance.

Considering now the ¢-s curves recorded in the optical fibres after 3 months (October 2018), it is
evident that all the anchors have experienced a relaxation process because the maximum strain is
strongly reduced. In bars n.1 and n.3, the reduction of maximum strain is about 50% of the strain
reached after pre-tension; it is equal to about 30% for bar n.2.

This relaxation may be due to the viscous behaviour of the soil. It was observed on other
occasions [3,42] when a load cell was used to monitor the axial force in the reinforcement close to
the plate over time. In the case examined here, the reduction of the maximum force at the plate is
accomplished by a general decrease of the strain also along the bar profile, even if the three bars behave
quite differently from each other.

Consequent to relaxation, the strain profile in bar n.1 becomes constant in a large external portion
(i.e., 2 to 10 m from the anchor’s head). This indicates that the force guaranteed by the reinforcement is
constant here and the shear stress mobilised at the soil-grout interface is nullified. The residual traction
is completely absorbed by the portion of the bar at greater depths (10 to 16 m from the head), which
shows no relaxation.

In bar n.2, the strain reduction is distributed along the profile, proportional to the strain recorded
immediately after pre-tension. Even in this case, the deeper portion does not reduce its contribution.
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Finally, in bar n.3, the time-variation of the force has an intermediate trend between that of bar n.1
and bar n.2: The strain decreases gradually in the more external part (down to 7 m), but a constant
strain value is recorded in the deeper portion (from 11 m). Another particularity of this bar is that in
the deepest portion, the strain increases with respect to the initial value, perhaps to compensate the
loss of pull-out resistance in the more superficial portion.

Of course, the increase of strain in the deeper zone of bar n.3 may be related to landslide
movements, but the displacement recorded at the inclinometers is so small that the link is not evident
and other measurements must be carried out in the future to prove this fact. Nor is it known if those
movements occurred before the last measurement carried out with the optical fibres.

5. Final Remarks

The results shown here must be considered as only preliminary results of research that will
continue in the future over a prolonged time period. Despite being only preliminary, the results permit
some important considerations to be made.

Firstly, the tests carried out in the laboratory demonstrate the feasibility of OFDR DFOS technology
for monitoring composite bars. An effective mechanical coupling is easily created and the embedment
of the fibres within the bars protects them from possible damage. The strain measured in laboratory
tests highlights particular features of the anchors’ operation, such as the formation of a transition zone
or the anchorage length needed in order to effectively transmit the external forces applied to the bars
to the inner strands. The length of this transition zone is a function of the applied solicitation, but even
in the more undersized bars, it is less than 25 cm at the maximum load.

Another important effect is the squeezing of the bars that occurred in correspondence to the
locking nuts, which caused local anomalies in the measured strain by the optical fibres, likely due to a
substantial strain gradient. Nevertheless, measurement with optical fibres guarantees high reliability
and repeatability. The mechanical characteristics obtained from the tests with DFOS are congruent
with the theoretical values and confirmed that the bars and the inner strands work in synergy on
contrasting the applied force, both absorbing a traction proportional to their stiffness.

The distributed optical fibre sensors are very versatile also when monitoring composite anchors
on-site, in particular at remarkably high spatial resolution. The tests carried out so far highlight
the advantage of having a continuous measurement of strain inside the bars. The fibre permits
immediate pull-out testing of the anchors, using only the external plate, which is a standard component
of the composite anchors. No other devices are needed to carry out the test, so this configuration
could become a standard practice for composite anchors, and the developer could be provided with
information about the real pull-out resistance offered by the soil.

The strain profiles acquired after 3 months show a general relaxation of the anchors, probably due
to the viscous behaviour of soil. The measurements will continue over a prolonged period of time in
order to study the behaviour of these reinforcements during the activation phases of the landslide.
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