Inclinometer measurements with robotised and traditional mobile probes in an
extremely-slow landslide

Paolo ALLASIAY, Edgar FERRO?, Danilo GODONE?, Anna PASQUATO?, Lucia SIMEONI?

1 CNR-IRPI, Turin, Italy
2 Department of Civil Environmental and Mechanical Engineering, University of Trento, Italy
3 Consulting engineer, Trento, Italy
Corresponding author: Lucia Simeoni (lucia.simeoni@unitn.it)

Abstract

The movements of a large, extremely-slow, deep-seated landslide interacting with a viaduct of the E45 highway
(Province of Bolzano, Northern Italy) have been monitored since 2006. The landslide is an active block of a
Multiple Rotational Rock Slide (MRRS). It has a planimetric extension of 400 m x 400 m, a maximum depth of the
sliding surface of about 50 m, a total estimated volume of 6 Mm?3. Subsurface displacements have been
monitored using a traditional, portable, manually-operated probe inclinometer; those of the piers of the viaduct
by total station. These measurements have been carried out periodically, 2 to 4 times per year. Redundancy
analysis showed that the measurements are reliable, and the mean yearly velocity is less than 10 mm/y. Since
December 2019, the Automated Inclinometer System (AIS) was installed in one of the eight inclinometer tubes
to robotise manual measurement operations and provide higher-frequency measurements (about one dataset
per day). This paper discusses the advantages of the robotised, higher-frequency measurements provided by
the AIS compared with the manual, lower-frequency measurements from the traditional manually-operated
probe, in terms of: semi-checksum verification, time required to identify the depth of the sliding surface and
evaluate the displacement rate for an extremely slow landslide, and ability to recognise its seasonal trend.
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1. Background

A large, extremely-slow, deep-seated landslide has been recognised to interact with a viaduct of the E45
motorway in the Province of Bolzano, Northern Italy (Figure 1). The landslide represents an active block of a
deep-seated, retrogressive, multiple rotational rock slide (MRRS) (Simeoni et al., 2020). The slope movement
extends over an area of 0.5 km? and its total estimated volume is 6 Mm3. This landslide has been monitored
since 2006 by probe inclinometers and piezometers, and since 2008 the displacements of the piers of the viaduct
have been measured by total station. These measurements have been carried out periodically 2 to 4 times per
year. Redundancy analysis of inclinometer and total station measurements has demonstrated that surface
displacements are caused by sliding over a localised surface, with a maximum depth of about 50 m. The mean
yearly displacement rate is less than 10 mm/y. Piezometer measurements have shown that the water table has
an average depth of approximately 25 m, with maximum seasonal fluctuations of about + 1.5 m, and develops
mostly above the sliding surface.

Despite the extremely-small displacement rate of the landslide, the traditional probe inclinometer
measurements provided a reliable estimate of the mean yearly velocity. However, the manual operations to
collect these data are time-consuming and are carried out 2-4 times per year, not frequent enough to recognise
the seasonal changes in velocity that may be associated with the fluctuations of the water table level. In
December 2019, the Automated Inclinometer System (AIS) was installed in one inclinometer tube (T5I) located
at the toe of the landslide (Figure 1 and Figure 2) to robotise manual measurement operations and provide
higher-frequency measurements of about one data set per day (Allasia et al., 2020). In recent years, the AIS has
been used successfully to study landslides and the subsurface deformation field caused by large underground
works (Herrera et al., 2017; Allasia et al., 2021a; Allasia et al., 2021b). The AIS follows the same conceptual
schema typical of traditional measurements with a portable, manually-operated probe (International
Organization for Standardization, 2017): use of a single probe regardless of the length of the tube; measurement
spatial resolution equal to the probe gauge length (usually 500 mm); and double reading approach (0/180°).
Also, the AlS is fully reusable. In December 2021, it was moved to a different site to serve a different geotechnical
monitoring campaign.



This paper uses the data collected in inclinometer T5I to discuss the potential advantages of the robotised,
higher-frequency measurements provided by the AIS compared with the lower-frequency measurements from
the manually-operated probe. The comparison between these measurement systems considers: semi-checksum
verification, time required to identify the depths of the sliding surface and evaluate the displacement rate, and
ability to recognise seasonal trend.

Figure 1: Contour of the active, extremely-slow, deep-seated landslide interacting with a viaduct of the E45
motorway and location of inclinometer tube T51 where AIS and manual measurements have been carried out

Figure 2: AlS installation on inclinometer tube T5I: (A) inclinometer casing before installation; (B) AlS
inclinometer and protective casing; (C) backup battery; (D) solar panel

2. Instruments and measurements

The casing of the inclinometer T5I, made of aluminium and fully grouted, was installed in September 2009 to a
depth z = -40 m. Inclinometer measurements have been carried out using a portable, manually-operated probe
and the AIS. Manual measurements were taken from November 2009 to December 2017 and, by a different
operator, from December 2018 to February 2022. The minimum interval between site visits was 2 months.
Manual measurements were carried out from a depth of -39.0 m to the top of the tube with a 0.5 m spacing as
the probe gauge length. These measurements have shown that the deformations of the tube are localised within
one relatively narrow shear band, located between z = -22.5 m and z = -25.0 m. The AIS was installed in
December 2019 and acquired daily measurements (419 data sets) until August 2021. The AlIS was programmed
so that the depths of the measuring points were approximately the same for the robotised and manual
measurements, but its lowest measurement depth was limited to - 32.5 m, well below the shear band. As with
the manual measurements, the distance between measurement points was 0.5 m. The AIS was equipped with a
traditional probe for inclinometer measurements. The technical characteristics of the probes used for the



manual and robotised measurements are listed in Table 1. Only the manual measurements collected since
December 2018 (7 datasets) have been considered to allow a comparison with the AIS measurements under
similar deformation conditions of the inclinometer tube. On 08/07/2020, both manual and AIS measurements
were carried out.

Manually-operated probe AIS probe
Manufacturer Sisgeo 0S242DV3000 OTR 0G310
Gauge length (L) 500 mm 500 mm
Tilt sensor biaxial MEMS biaxial MEMS
Measuring range +30° +30°
Resolution 0.0013° 0.0015°
Accuracy +0.01 % FS (0.003°) +0.01 % FS (0.003°)

Table 1: Technical characteristics of the probes used for the manual and AIS measurements

3. Guide tube conditions

In 2018 the inclinometer T5I had already developed significant deformation in the A* direction (International
Organization for Standardization, 2017), approximately parallel to the direction of movement, with a clear shear
band between the depths of -22.5 m and -25.0 m.

Figure 3: Initial conditions of the inclinometer tube and comparison between manual and AlS measurements;
(a) and (c) deviation from vertical for the first manual measurements (dashed line) and the manual and AIS
measurements of 08/07/2020 (lines with markers); (b) and (d) difference between AIS and manual
measurements of 08/07/2020; the shaded region represents the shear band

Figure 3a and Figure 3c show the local deviations from the vertical in the A* and B* directions, respectively, for
the first set of manual measurements (11/08/2018 - dashed line) and the manual and AIS measurements of
08/07/2020 (the two lines with markers). On 11/08/2018, the deformation of the tube in the A* direction (Figure
3a) was already strongly localised between the depths of -22.5 m and -25.0 m (shaded region in Figure 3). On
08/07/2020, the manual and AIS local deviations from the vertical were similar and, within the shear band,
greater than those acquired on 11/08/2018. The local deviations from the vertical in the B* direction (Figure 3c)
did not change significantly between 11/08/2018 and 08/07/2020, as B* direction is approximately
perpendicular to the direction of the movement.



The differential local deviations from the vertical between the AIS and manual measurements, shown in Figure
3b for A* direction and in Figure 3d for B* direction, are less than 0.2 mm outside the shear band but larger within
the shear band, i.e. up to 0.5 mm and 1.2 mm in the directions A* and B*, respectively. These differences may
be caused by vertical positioning offset, whose effects are more pronounced in the highly deformed part of the
casing, and, in general, the use of two different measurement chains.

4. Semi-checksum analysis

Semi-checksums were calculated to evaluate the quality and precision of the measurements (Mikkelsen, 2003;
Simeoni and Mongiovi, 2007). These were calculated as 0.5 - checksum - L/k, were L is the distance between
the measuring points (500 mm) and k is the instrument constant (20000 digit/ sin « for the manually-operated
probe and 25000 digit/ sin a for the AIS probe). For each dataset, the average (14 and ug for directions A and
B, respectively) and standard deviation (g4 and o) of the semi-checksums were computed, with the former
representing the bias of the measurements and the latter their precision. Moreover, the gradients (b, and bg)
of the lines fitting the semi-checksum vs depth (z) data were computed for each dataset to quantify the
consistency of the semi-checksums with depth. As an example, the semi-checksums for the manual and AIS
measurements of 08/07/2020 are shown in Figure 4, where the averages (14 and ug), standard deviations (g,
and o) and fitting line equations (the dashed lines) are shown on top of the graphs. As expected for good quality
measurements, the semi-checksums remained approximately constant with depth, with b, smaller than 0.0006
mm/m and bg smaller than 0.0013 mm/m. The standard deviation was slightly smaller for the manual
measurements, with g4 = 0.04 and gz = 0.05 for AlS and 04 = g5 = 0.03 for the manually-operated probe.

Figure 4: Semi-checksums of datasets collected on 08/07/2020; u4 and ug are the averages (mm); 4 and o
the standard deviations (mm); b, and by the gradients of the fitting lines (mm/m), i.e. the dashed lines

The consistency of the averages (1, and ug), standard deviations (g, and gg) and gradients (b, and bg) with
time is shown in Figure 5. With regards to the measurements in the A direction, the AIS provided more consistent
values of u, over time compared with the manual measurements (Figure 5a). Moreover, as shown in Figure 5b
and Figure 5c, manual measurements are potentially as good as AIS measurements in terms of standard
deviation and consistency of the semi-checksums with depth but are more variable over time. It is worth noting
that previous manual measurements (carried out between 2009 and 2017 and not shown in this paper) were
characterised by a greater variability of the checksums, e.g. g4 exceeded 0.3 mm. Therefore, while manual
measurements are potentially as good as the AIS measurements, the latter are likely more consistent over time,
being operator-independent. In the B direction the AlS semi-checksums are more scattered than those in the A



direction (Figure 5, parts d, e, f). Evidently, the AIS was equipped with a probe that provided lower quality
measurements in the B direction, even compared with the manually-operated probe. Nevertheless, o5 remained
more stable over time for the AIS measurements, while the first and fourth datasets acquired by the manually-
operated probe were characterised by suspiciously large standard deviations and, as it will be shown, provided
suspect displacements.

Figure 5: Consistency of the semi-checksums with time; (a) and (d) averages 4 and ug; (b) and (e) standard
deviations 64 and ag; (c) and (f) gradients b, and bg

5. Displacement rate and seasonal trend

The cumulated displacements were calculated for both the manual and AIS measurements by integrating the
local change of deviations from the vertical within the shear band to minimise error propagation (Simeoni and
Mongiovi, 2007; Simeoni and Puzzilli, 2017). The cumulated displacements are shown in Figure 6, where u and
v are the displacement components in the directions A* and B* respectively. All datasets provided by the AIS
were considered while two datasets (the first and fourth) from the manually-operated probe were discarded
(the red crosses in Figure 6). The latter are associated with significantly larger standard deviations o (Figure 5e)
and suspect displacements v (Figure 6b). The cumulated displacements from the manual measurements were
zeroed with respect to the first reliable dataset (the second one). Those from the AIS measurements were shifted
to match those from the manual measurements of 08/07/2020. As shown in Figure 6, the AIS and manual
measurements gave coherent displacements, at least if the suspect datasets were disregarded. Figure 6a
suggests that the AlS, owing to the higher frequency of the measurements, may be able to recognise seasonal
trends.

The ability of the AIS to recognise seasonal trends was investigated for the cumulated displacements in the A*
direction (u). These are represented in Figure 7a, zeroed with respect to the first AIS dataset, with a shaded
region representing the error band. The latter was taken as +3 - g,,;, where g, ; is the standard deviation of u
for dataset i. The standard deviation o0, ; was evaluated based on error propagation theory (Simeoni and
Mongiovi, 2007): o,,; = VN + \[0,; + 040, Where gy, is the standard deviation of the semi-checksums for
dataset i (i = 0 indicates the first dataset) and N is the number of measurements within the integration range



(N = 6 between z = —22.5 mand z = —25.0 m). After only two weeks of measurements the u was larger than
30y, (Figure 7a - close-up of the first 30 days of measurements), i.e. the AIS was able to recognise the shear
band and provide a meaningful estimate of the displacement rate. To emphasize seasonal trends, the
displacement vs time data of Figure 7a were linearly detrended (the fitting line by least squares method was
subtracted from the data). As shown in Figure 7b, the amplitude of the detrended displacements is greater than
3 - g,,;- This suggests that the AlS has the potential to capture seasonal changes in the velocity of this extremely-
slow landslide. By smoothing and differentiating the displacement vs time data, it has been estimated that
between December 2018 and August 2021 the maximum displacement rate (~14 mm/year) was almost twice
the minimum displacement rate (~7 mm/year).

Figure 6: Cumulated displacements in directions A* and B*, calculated by integration along the shear band
(between -22.5 m and -25.0 m)

Figure 7: AIS cumulated displacements in A* direction (u); (a) u vs time with error band of size +30,, and
close-up of the first 30 days of measurements; (b) u after linear detrending with error band of size +3a,,

6. Conclusions

The Automated Inclinometer System (AlS) was installed in an existing inclinometer tube located in an active,
extremely-slow, deep-seated landslide with a mean yearly velocity of approximately 10 mm/year to investigate
the advantages of this robotised system compared with the conventional measurements acquired using a
manually-operated probe. The analysis of the semi-checksums indicated that manual measurements are
potentially as good as the AIS measurements, as the latter follows the same measurement procedures followed



by human operators. However, the quality of the AIS measurements appeared more consistent over time, being
operator-independent. While all datasets acquired by the AIS seemed reliable, two (out of seven) datasets from
the manually-operated probe provided semi-checksums with larger standard deviations and suspect
displacements. In about 2 weeks, the AlIS was able to detect the shear band and estimate displacement rate,
provided that the displacements are computed by integration only within the shear band to limit error
propagation. This time interval is much smaller than that between the site visits to collect manual
measurements, which was always greater than 2 months. Although the landslide was extremely-slow, the AIS
was able to recognise seasonal trends of the displacements. Hence, if installed in a sufficiently large number of
inclinometer tubes, it could provide data to be used for calibrating hydro-mechanical models that relate the
displacement rates to the pore water pressures. Usually, for an extremely-slow landslide, first manual
measurements are carried out to evaluate the yearly velocity of the landslide and identify the depth of the shear
bands. Then, In-Place Inclinometers are installed at the depths of the known or expected shear bands to
investigate the seasonal trends. The AIS was found able to perform both these tasks.
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