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Abstract: Over the last decades the real-time displacement monitoring systems have been increasingly used for assessing the risk
conditions due to landslide movements and for managing the early-warning systems. Any decision about safety actions is therefore based
upon the data provided by the instrumentation. The purpose of this work is to suggest how in-place inclinometers may be combined with
periodical measurements. by using a mobile probe in order to evaluate the current movement of a landslide and to assess the reliability of
data. The monitoring system installed at the landslide of Castelrotto (northern Italy) is described, giving some details on the instrumen-
tation and the data collected so far. A local quadratic trend model is developed to estimate the kinematic characteristics of the movement,
and a statistical procedure for comparing real-time data with periodical measures is given to assess the reliability of data. This analysis

shows how the direction of the displacement may be used as an indicator of reliability.
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Introduction

Since 1997 the University of Trento has been charged from the
A22-Brenner Highway Board with the study of the stability of the
slope comprised between 64+500 and 65+500 km of the high-
way. The site was investigated by drilling ten boreholes, and
equipping them with seven inclinometer casings and eight piezo-
metric cells of Casagrande type. Water level and inclinometer
measurements have been performing periodically. They have re-
vealed the existence of a 2.5 10% m? slide, which in conjunction
with extreme rainfall events moves along a well-defined sliding
surface. So far the maximum average rate of displacement has
been about 1.5 cm in 6 months.

Although movements have been small—classifying the land-
slide as an extremely slow landslide (Cruden and Varnes 1994), a
potential risk of a general collapse, and the catastrophic conse-
quences of such a slide due to the filling of the narrow Isarco
Valley cannot be ignored. Accordingly, the A22 Highway Board
requested the real-time monitoring of the displacements in order
to estimate the kinematic characteristics of the movement and to
assess the risk condition by defining a landslide displacement
evolution model. In January 2001 an automatic monitoring sys-
tem was therefore installed for measuring the landslide move-
ments. It consists of seven vertical in-place inclinometers and a
raingage connected to an automatic data acquisition system with a
wireless communication device.
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To date, the major role of the University of Trento has been to
define data processing procedures in order to check the reliability
of measurements and to evaluate the kinematic characteristics of
the slide movements correctly. In fact, series of data are affected
by errors due to the irregular sensor performance, shortcomings at
the system architecture, as well as disturbances due to the perfor-
mance of manual measurements. Particular procedures are then
needed to take these errors into account.

Landslide

The study area is approximately triangular in shape (Fig. 1) with
two sides bordered by rocky scarps of ignimbrite and the third
one by the Isarco River. The area is located in the Isarco Valley, a
left tributary of the Adige River, 20 km north of Bolzano
(Trentino-Alto Adige Region, northern Italy). This valley repre-
sents one of the most important communication ways between
south and north Europe: it accommodates the A22-Brenner High-
way, the railway and the 12-State Road that link Ttaly with Austria
through the Brenner pass.

In 1997 ten boreholes (Fig. 2) were drilled in the lower part
of the triangular area. Seven boreholes (S1, S2, S4, S8, S9, S11,
and S12) were equipped by inclinometer casings and three by
eight piezometric cells of Casagrande type (S6, S7, and S10).
Further, three boreholes (T8, T11, and T12) were drilled in the
late 2000 and equipped with inclinometer casings to substi-

tute Inclinometers S8, S11, and S12 no longer usable. In 2004

Inclinometer T12 was substituted by the new Inclinometer V12.
The cross-section passing at Boreholes S4, S8, and S11 is
shown in Fig. 3. The borings established the existence of a bed-
rock of tuff that is covered by debris consisting of blocks of tuff
and ignimbrite set in a sandy to clayey matrix. The thickness of
the upper deposit varies from 60 m at Borehole $2—23 m in the
lower part of the slope. At the northwestern part of the slope
(Boreholes S12, T12, S11, and T11) a layer of recent alluvial
deposit Al was identified between the tuff and the debris. Accord-
ingly, it is likely that the mass of debris moved downward to the
valley, and covered the alluvial deposit. The mass of debris has a
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Fig. 1. Location map and general setting of the landslide area. The area bordered by the dotted line was excavated during the highway

construction.

volume of approximately 2.5X10° m® and occupies an area of
about 100,000 m?2.

Periodical Monitoring of Displacements
In order to gain some insight into the kinematics of the slope,

deep displacements have been periodically measured since 1997
by using a mobile inclinometer probe, whose characteristics are
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|

Fig. 2. Borehole positions. Boreholes S1, S2, S4, S8, T8, S9, S11,
S12, T12, and V12 are equipped with Inclinometers, S6, S7, 510, U8,
V8, Ull, and U12 with piezometers. Inclinometers S8, S11, S12, and
T12 are no longer used.

reported in Table 1. During the first year the measurements were
carried out every month, while later they were performed four to
five times per year.

Local inclinometer displacements have clearly revealed the ex-
istence of a major sliding surface located at the bottom of the’
debris (Fig. 3) and dipping of about 20°. In Fig. 4 an example of
cumulative displacements are shown for Inclinometer S4: the
major sliding surface is located approximately at 36 m depth, and
a minor sliding surface formed in late 2000 at 15 m depth.

Cumulative displacements on a 150 cm thick sliding zone are
displayed in Fig. 5(a) for each inclinometer. It is seen that dis-
placements measured at the inclinometers located in the northern
part of the landslide (S4, S8, T8, S11, T11, and S12) are generally
higher in magnitude than those measured in the southern one
(S2, SI, and S9). Besides, the directions of the first group of

Strata interface and presumed sliding surface __ _ _
Position of maximum local horizanlal displacement .
Inclinometer casing S4

fault ”

Fig. 3. Cross section passing at Boreholes S4, S8, and S11
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Table 1. Datasheet of the Mobile and In-Place Inclinometer Probes (after
Sisgeo S.r.l) ‘

Probe type Mobile In-place

Distance between 500 1,000

wheel axes (mm)

Sensor type biaxial biaxial
servo-accelerometer servo-accelerometer

Sensor range +30° +30°

0.001% full scale
0.05% full scale

Sensor resolution +0.005 mm per 500 mm

Accuracy +4.00 mm per 30 m

displacements range from 293 to 322° clockwise from the north
direction, whereas direction of the second group ranges from 275
to 285° [Fig. 5(b)]. For example, at Inclinometer S$4 a total dis-
placement at the sliding zone of 4.5 cm toward 293° has been
calculated so far, while at Inclinometer SO it assumes a value of
. 0.9 cm toward 283°. The maximum amount of displacement has
been of about 1.5 cm in 6 months (at Inclinometer S4 from De-
cember 2000 to June 2001).

By comparing the cumulative local displacements fo rainfall it
has also been recognized that the landslide reactivates during the
rainy seasons. No direct correlations between movement and rain-
fall has been possible to find so far; therefore, the study of hy-
draulic model that takes the whole meteorological history (both
rainfall and evapotranspiration) and the real unsaturated nature of
the soil into account is in progress.

Real-Time Monitoring of Displacements

Inadequate knowledge concerning the pore pressure distribu-
tion within the landslide in addition to soil shear strength param-
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eters is currently insufficient to design the remedial works or
to forecast the landslide movements. Besides, the movements
evaluated from the periodical monitoring are averaged over the
interval between two measurements, and therefore the estimate
‘of their kinematic characteristic may be misleading as they are
mean values (Bhandari 1988). With this information it cannot
be denied that sudden or accelerated movements could take place,
causing the displacements to reach unacceptable levels at the
surface. .

Owing to this potential risk or to a general collapse of the
slope causing a break in the road as well as the filling of the
narrow Isarco Valley, the A22 Highway Board requested a real-
time knowledge of the landslide displacements so that in the
event of movement accelerations vehicle access could be prohib-
ited. For this purpose, in January 2001 an automatic monitoring
system was installed for measuring the landslide movements and
studying a landslide displacement evolution model. This model
should connect the expected displacements with the meteorologi-
cal history. When the evolution model is defined devices capable
of stopping the traffic, e.g., gates or stop lights, will be installed.

The monitoring system consists of seven in-place incli-
nometers fixed in seven different inclinometer casings, a data ac-
quisition unit, a wireless communicating device and a personal
computer (Fig. 6). In-place inclinometers were installed in the
same casings where measurements have been periodically carried
out by using the mobile inclinometer probe. Only one in-place
inclinometer probe was installed in each tube because a well-
defined sliding zone was recognized by performing the periodical
measurements.

As the architecture of the system and the characteristics of
each component may influence the pattern of the series of mea-
sures and the data processing procedure, a detailed description of
them is given in the following.
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Fig. 4. Cumulative displacements (E=eastern component and N=northern component) at Inclinometer S4 revealing two sliding surfaces:

the major one is located at 36 m depth and the minor at 15 m
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Fig. 5. Displacements calculated at the sliding surface: (a) displacement magnitudes versus time; (b) directions; and (c) monthly rainfafl

In-Place Inclinometers

The probes are equipped with the biaxial sensors of servo-
accelerometer type whose characteristics are reported in Table 1.
They are powered by a +12 V. and their output is +5,000 mV.
According to the data in Table 1, resolution and accuracy may
be expressed as 0.0006°=0.05mV and 0.03°=2.5 mV or, by
taking into account the distance between wheels of 1,000 mim, as
0.01 and 0.26 mm, respectively.

Calibration of sensors was performed in the factory by tilting
the probes at fixed inclinations in the full range +30° and mea-
suring the electrical values. The maximum differences between
calibration curves and calibration measures resulted equal to
0.39 mm by assuming a linear regression, and to 0.21 mm by
assuming a cubic polynomial curve.

The inclinometer probes were placed at the depth of the slid-
ing surface (ranging from 23 m at Inclinometer T11 to 64 m at
Inclinometer S2), by hanging them on the top head with an invar
cable. In this way, the location of the probe can be varied by
shortening or lengthening the wire.

Data Acquisition Unit

The data acquisition unit consists of a fully programmable Camp-
bell Scientific CR10X datalogger, with nonvolatile memory and a
battery backed clock. The specifications of this datalogger are:
Analog input range of 2,500 mV (half of the range of probe
sensors); resolution 0.333 mV (effective resolution of 13.9 bits);
accuracy =5 mV in the temperature range from —25 to 50°C. An
electrically erasable programmable read only memory of 2 Mb
stores the operated system, user programs, and data.

The CR10X is powered by a 12 V. connected to the power
line and stabilized by an external battery. An internal lithium
battery enables the datalogger program and the stored data to
remain in memory and also allows the clock to continue to
keep time when power is disconnected. As the monitoring system

was installed, data have been collected at 15 min intervals. Ana-
log input of sensors are acquired in a differential mode after a
warm-up of 15 s. Prior to March 2002 an amplifier divided the
analog signals by two in order to fit the full scale range of sensors
(25,000 mV) to the full scale range of the data acquisition system
(2,500 mV). Digital output was then doubled via software. On
March 25, 2002 the amplifier was removed and the analog signal
was no longer reduced for the reason that will be better explained
later. Sensor measurements, time, voltage of battery power, and
temperature of datalogger are recorded.

The data acquisition unit is connected to the sensors by a
multiplexer for switching the signal to each sensor, and by seven
power supply cards, which transform the 12 into +12 V4. A sta-
bilized voltage signal of about 235 mV is also connected to the
multiplexer in order to detect any disturbance to the A/D conver-
sion and communication.

Communication and Data Collection

Communication of data have been performed by means of a re-
mote GSM modem connected to the CR10X by a serial port and

@ CASTELROTTO LANDSLIDE @ UNIVERSITY
OF TRENTO
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Fig. 6. Architecture of the real-time monitoring system
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Fig. 7. Standard inclinometer casing nomenclature

" two phone modems located at the University of Trento and at the
Highway Board. Downloading and data collection are made
through the Multilogger Software by Canary System. Multilogger
is used for managing the downloading, data collection, terminal
emulation, text, and graphical monitoring. It also provides an edi-
tor for modifying setup files, instruction files, or the downloading
file.

Multilogger also provides facilities for managing an early
warning system by presetting the relevant thresholds. However,
since the purpose of the system has only been the monitoring,
those facilities have not been used.

Major Problems with the Instrumentation

In addition to the amplifier, problems have also been encountered
with the probes and the dc/de converters. So far two inclinometer
probes suddenly stopped working and were substituted; three
times one dc/dc converter was damaged by a lightning strike and
another time a dc/dc converter changed its output and the system
started providing unreliable measures.

Processing of Mobile Inclinometer Data

Mobile and in-place inclinometer measurements have been
processed in order to define the kinematic characteristics of the
landslide movements. Mobile inclinometer data have been pro-
cessed with the aim to define the changes of the casing profiles
with respect to time and, therefore, to evaluate the horizontal
displacements that occurred at different vertical positions inside
the landslide mass. As vectors, with magnitudes and directions
{Cooper 2000), the displacements are able to provide the right
information on the kinematic of the landslide only if directions
have been evaluated correctly. If this is the case, it is possible, for
example, to establish whether the landslide moves as a whole
toward the same direction or it is a complex slide with compo-
nents moving toward different directions.

For the purpose of calculating the direction of displacements
correcily, groove spiral measurements of the casing tubes were
initially performed, and an average spiral rotation of nearly 1°/m
clockwise was obtained. Because the sliding surface was identi-
fied at depths ranging between 23 and 60 m, a maximum relative
rotation of the movement directions of about 37° would be ex-
pected due to the spiral. Nevertheless a subsequent accurate cali-
bration of the spiral probe revealed that 1°/m corresponds to the
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Fig. 8. Checksum S, for Measurement 27 (October 2, 2001) in
Casing T8

offset of the sensor, and therefore the spiral rotation of grooves
has to be neglected in the processing of the readings.

Attention has been paid to the evaluation of the reliability of
the inclinometer measures by rejecting the readings with gross
errors and estimating the accuracy of the horizontal displace-
ments. This approach was found to be very useful to evaluate the
significance of displacements when they were extremely small in
magnitude and to compare those displacements to the ones calcu-
lated from the in-place inclinometer measurements.

Standard readings (Dunnicliff 1993; ASTM D 4622-86) taken
in the opposite directions Ay and A gy on plane A, By, and Bjg
on plane B (Fig. 7) may be expressed as

Ag=A+egj+ ey (1a)
By=B+¢&h+£p (10)
Ago=—A+&350+ Enigo (1c)
Bigy=~B+€p130+ Ex180 (1d)

where A and B=true values on planes A and B (deterministic);
g5, and &}, =systematic errors on planes A and B (deterministic);
g}; and ej;=random errors on planes A and B, respectively
(normally distributed and assumed to be independent).

Differences A and B of readings on planes A and B and check-
sums S, and Sp are given by
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Fig. 9. Accuracies of magnitude and direction of displacements from Readings 23-27 and 29-31
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If systematic errors are due only to instruments bias (the small
nonzero value the probe reads at vertical) and they do not change
while measuring, i.e.

E40= E4180 (3a)

30 = Ep1gp (30)

expressions (2) may be written as

A=A+ =N@4, 02 (4a)
B=B+ &} = N(B,¢?) | (4b)
Sy=g}+ef = N(S,,02) (4c)
Sp=ey+ep? = N(S5,0%) (4d)

Differences and checksums are normally distributed (verifiable by
the Pearson’s test) with equal variances on the same plane. Mean

values of distributions are A and B for differences, and §A and §B
for checksums.

Given the normal distributions of checksums, gross errors
may be recognized by applying the Chauvenet criteria (Taylor
1986). For example, with reference to the values of checksum
A reported in Fig. 8 for measurement No. 27 in the casing T8,
we want to know if value Sy,;=—28 reading units (point P) re-
fers to a gross error. Mean and variance of checksum S, are,
respectively h

N
” 1
Sp=E(S)=—2 Sy=-212 (5)
Ni:l
1 N-1
si=E(0%)=——2> (Sy—-8) =34 (6)

N-13
where i refers to the ith reading of the total number N=71.

According to Chauvenet criteria the suspected value Seus Will
be affected by a gross error if the expected number n of A
bigger than |, is less than 0.5. Let P(|S,| >|S,,|) the probabil-
ity of |S,| > |S,., the expected number n is

n=NP(|S,| >S4 =71 X 0.00025 = 0.02 (7)

Because 1 is less than 0.5, S, is rejected and supposed to include
a gross error. New values of —21.1 reading units and of 2.8 square
reading units are obtained for S“A and si by neglecting S, in
Eqgs. (5) and (6).

The recalculated values of 55 and 53 may be used as a measure
of accuracy of readings and to estimate accuracy of displace-
ments. If Ei[f and B[} are the changes of differences A and B
at depth i calculated from readings collected during measure-
ments j and k (j<k), the magnitude 4} and the direction Bl
(clockwise from axes Ay) of displacement at depth i are given
by
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where D=distance between the wheels of the probe and
K, and Kp=instrumental constants of sensor obtained from
calibration.

As changes of differences are still normally distributed, their
variances are given by

9

¥} =2 arctan

sali= sij + 55, (10a)

s%uf = s%j + s%k (10B)

and may be used to estimate an upper bound for accuracy of
displacement according to the general expressions valid for any
variable distribution (Taylor 1986)
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Standard deviation sAu‘f has generally resulted of about 2.5 read-
ing units, equivalent to 0.06 mm, whereas standard deviation sBUf
has been always larger than sAljf and of about 4 reading units,
equivalent to 0.10 mm.

When K,=Kz=K, Egs. (11) and (12) reduce to
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Fig. 11. Estimates of displacement, velocity, and acceleration
from data of Inclinometer T8. Angles of azimuth are measured from
north direction: clockwise between 0 and 180°, and anticlockwise
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y 1 o
saff = |~ Blfsalf + A lssl]
(B + (L")
D \? _ _
=\ ke —BJfsal+ A4 sglk 14)
(d,-l,‘fK> [1 = Biljlsalj + |Adjlsals] (

To see how the accuracy varies with reference to the magnitude of

JOURNAL OF GEOTECHNICAL AND GEOENVIRONMENTAL ENGINEERING © ASCE / JUNE 2007 /659




23.5

Polygonal profile from the mobile
inclinometer readings (509 mm probe})

depth (m)

I In-place probe

. (1000 mm probe)
] L. . . ..
Aip

5

25 I

!

!

!

| {

Polynomial profile fromthe 5 A25
mobile inclinometer readings
25.5 : I . I . I . I
-40 -30 -20 -10 0
A (reading units)
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in-place inclinometer probe position and the reliability of
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displacements, Fig. 9 reports the results for local displacements
that occurred in between measurements 23 (December 14, 2000)
and 27 (October 2, 2001), and in between measurements 29
(March 7, 2002) and 31 (June 3, 2002) in Casing T8. The in-
strumental constant K is equal to 20,000 reading units/sen
(sen=sine of the angle of probe inclination) and the distance
D=500 mm. It is seen that accuracy of magnitude ranges be-
tween 0.06 and 0.13 mm, independently of the magnitude of
displacement, meanwhile accuracy of direction decreases as
magnitude of displacement increases. This is consistent with ex-
pression (12) or expression (14), in which displacement is at ratio
with power two. In particular, accuracy of less than 5° was ob-
tained for local displacements bigger than 1 mm.

In Egs. (11)—(14) the standard deviation of Readings A and B
are taken as estimates of accuracy of the measures. According to
the normal distribution function it corresponds to accepting only
68% of measures. Larger probability of 95 or 99% may be ob-
tained by assuming accuracy of the measures equal to twice or
three times the standard deviation, respectively. The accuracy of
magnitude and direction of displacements also increases, making
the maximum values of accuracy of magnitude of displacements
equal to 0.24 mm for the 95% probability and 0.37 mm for the
99% probability. Fig. 10 shows the values of accuracy of the
direction of displacements calculated with =23 and k=27. This
analysis has confirmed that bigger displacements (as large as
3—-4 mm) are now needed to reduce the accuracy to values less
than 5°.
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Fig. 13. Depth of maximum displacement in a 1,000 mm thick zone
for Inclinometer S4

Processing of In-Place Inclinometer Data

Data collected by the in-place inclinometer probes consist of
two series of signals y, and yp, which are expressed as voltage
measures and are related to the probe inclinations on Planes A and
B perpendicular to each other. In order to use these data for man-
aging an alert and alarm system, a processing method capable of
estimating the kinematic characteristics of the movements has
been defined. It is based on the time series analysis by applying a
bivariate local quadratic trend model (LQTM) defined as

Y=+ Ax, + Ge,
w=p + B, +Do,
Bi=B+v+EL

Y=Y +FE (15)

The first equation represents the measurement equation, and the
other three equations are transition equations. y,=vector of
observed variables y, and yg at time #; p,=trend component; f3,
and vy,=slope components; €, 8, , and &=vectors of serially
uncorrelated disturbances, normally distributed with means zero
and covariance matrixes equal to the identity matrixes; G, D, E,,
and F,=nonstochastic matrixes; and \-x, refers to the signal shift.
i By, and vy, represent the so-called state vector and are related
to displacement, velocity, and acceleration of the movement,
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Fig. 14. (a) Data of Axes A and B recorded by the T8 inclinometer from January 15, 2002 (380 days after January 1, 2001) to April 8, 2003 (328);
(b) enlargement from October 30, 2002 (668) to April 8, 2003 (828). Closed arrows point at the manual inclinometer measurements, Open arrows

point at a water level measurement.

respectively; N-x, introduces the shift of the signal occurring
when the manual measurements are performed.

Given the two signals y, and yj, time series analysis has been
performed by using the library of state space function SsfPack 2.2
by Koopman et al. (1999), linked to the object oriented matrix
programming language Ox 2.3 of Doornik (1998). Details on the
model and the data processing are reported in Simeoni et al.
(2003). Once the matrixes G,, D,, E,, and F, have been estimated
by maximizing the log-likelihood function, the Kalman filter has
been applied as a backward recursion in order to estimate the state
vector p;, B, and vy,

Vectors of displacement, velocity, and acceleration obtained by
processing the daily averages of data collected by the T8 incli-
nometer probe from October 8, 2000 to April 8, 2003 are depicted
in Fig. 11 with respect to time. During this period the in-place
inclinometer was removed 4 times to perform the measurements
by using the manual probe. It was seen that data collected just
after the lowering of the in-place inclinometer into the casing

were clearly different from the general pattern of the series, and
therefore they were not used in the processing.

In Fig. 11 it is seen that the initial values of the displacement
direction are clearly different from the expected value of about
300° (or —60°, anticlockwise from north direction) and eventually
tend to it. Accordingly, velocity direction gets a steady pattern
close to 300° only after day 719. As the values of acceleration
magnitude are as small as not to be significantly different from
zero, the estimates of the values of acceleration (both magnitude
and direction) cannot be reliable. As a result, the values of accel-
eration direction are scattered over a wide range and nearly al-
ways do not follow any pattern.

The state space model gives estimates of signals p, and
g with standard deviations of about 0.1 mV, equivalent to
0.01 mm. These standard deviations are one order of magnitude
less than those calculated for the mobile inclinometer readings,
and therefore accuracies of estimates of displacements from
in-place inclinometer data (defined as multiples of the standard
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Table 2. Comparison between the Displacements Calculated from Mobile and In-Place Inclinometer Data in the T8 Casing

Mobile In-place

Interval Magnitude Direction Magnitude Direction
(days) (mm) (degrees) (mm) (degrees)
March 15-June 20, 2001 6.283 287 3.287 282
June 20-October 2, 2001 1.622 291 0.398 350
October 2-November 26, 2001 0.945 295 0.059 334
November 26, 2001-March 7, 2002 1.201 238 0.562 329 -
“March 7-July 3, 2002 2.613 318 0.345 334
July 3—October 30, 2002 0.426 336 System out of order
October 30-December 16, 2002 2.633 300 1.044 335
December 16, 2002-April 8, 2003 1.627 282 1.597 297
April 8-July 10, 2003 0.485 288 System out of order

July 10-November 5, 2003 0271 333 0.306 299
November 5, 2003-April 6, 2004 2.054 275 2.261 298
April 6--July 28, 2004 ' 0.858 275 System out of order

July 28-November 29, 2004 1.296 340 0.554 309

deviation) are also expected to be generally one order of magni-
tude less than accuracies calculated with the mobile inclinometer
readings.

Check on the Automatic Monitoring System

Check operations consist of defining the depth where the in-place
inclinometer probes have to be installed, as well as evaluating the
reliability of the in-place inclinometer data.

Positions of In-Place Inclinometer Probes

To use the monitoring system as a diagnostic tool for defining
the alert and warning conditions, the in-place inclinometer probes
should be located at the failure zone where they record the
maximum displacements. At this purpose it has to be noted that
distances between the wheels of the in-place and mobile in-
clinometer probes are different, and therefore the maximum
displacements cannot be directly evaluated from the mobile incli-
nometer recordings, but must be evaluated with reference to the
actual profiles of casings. These profiles may be established by
reducing them to curves passing through the edges, top and bot-
tom, of the mobile inclinometer probe (Fig. 12). For the sake of
simplicity, only four points (i.e., three positions of the mobile
probe) were taken into account and a third degree polynomial
function was assumed to describe the curve. In particular cases
(very small displacements) this procedure gave misleading re-
sults, hence an analysis by assuming the casing profile to vary as
the polygonal of positions of the mobile inclinometer probe was
preferred. The probe depths (calculated from the top head at the
surface to the middle point of the probe) providing the maximum
displacements and obtained by assuming the polygonal profile are
reported in Fig. 13 for Inclinometer S4. They were calculated

either by maximizing the displacement between two successive
mobile inclinometer measurements (current displacement) or by
maximizing the displacement accumulated since July 1997. It is
seen that the depths evaluated with reference to the current dis-
placements vary between 35.9 and 36.6 m, being close to 36.2 1o
when current displacements are larger; while depth evaluated with
reference to the accumulated displacements is less variable anc
comprised between 36.15 and 36.45. Accordingly, the middle
point of the in-place inclinometer probe was fixed at 36.2 m.

In-Place Inclinometer Recordings

An example of in-place inclinometer recordings is given ir
Fig. 14 for axes A and B of Inclinometer T8. It includes a perioc
(P1) when the signal was found to be disturbed due to the pres-
ence of the amplifier datalogger (at the end of this period it was
removed); a period (P2) when the signal is around zero because :
lightning strike had damaged the power supply; and eventually ¢
period when the signal looks more accurate, but suffers some
shifts indicated by the arrows. The closed arrows indicate the
shifts that occurred after mobile inclinometer measurements. T
was found that in-place probe removal and its replacement in the
casing may cause the signal patterns to shift up to 100 mV. Thi:
disturbance is probably caused by an unavoidable small variatior
of the positions of the probe wheels in the casing. As shown in the
enlargement of Fig. 14(b), the shift is not instantaneous: it wax
found that it may take a time varying from one hour to twrc
weeks. This signal stabilization is likely to be related to the set:
tling of the head assembly and of the wire which the probe i
hung with.

The shift indicated by the open arrow in Fig. 14(b) occurrec
after the performance of a piezometric measurement. It was
carried out by using a water level indicator, whose probe’ anc
cable passed close to the in-place inclinometer.

Table 3. Displacement Components, Variances, and Triple Standard Deviation from Mobile Inclinometer Recordings

T 2

Interval x Xl ¥l 38, 3s,
(days) (mm) (mm) (mm?) (mm?) (mm) (mm)
Qctober 30, 2002-December 16, 2002 —2.567 0.572 0.023 0.008 0.460 0.273
December 16, 2002-April 8, 2003 -1.622 -0.125 0.025 0.007 0471 0.260
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Table 4. Displacement Components, Variances, and Triple Standard Deviation from In-Place Inclinometer Recordings

Interval x y - " 35y, 3s,
(days) (mm) - (mm) sy syl  (um) (mm)
October 30, 2002-December 16, 2002 -0.679 0.768 9% 1076 1.6% 107 0.009 0.012
December 16, 2000-April 8, 2003 -1.574 0.272 9% 1076 1.6%x 107 0.009 0.012
Simeoni and Mongiovi (2003) classified the disturbances to Si,-,,lf =(@+1+b) si If (17)

the signal as four types:

1. Noise due to the acquisition system;

2. Systematic errors associated to damages to the acquisition
system or to the probes;

3. Occasional errors due to foreseen or acknowledged external
actions, as shifts caused by the removal of the in-place incli-
nometer probe to perform the mobile inclinometer measure-
ments, or by the performance of piezometric measurements
by means of a water level indicator; and

4. Occasional emrors due to unforeseen and unknown
phenomena.

Although disturbances of Types 1 and 3 are directly introduced in

the statistical model defined in Eq. (15) by &, and A-x,, Simeoni

and Mongiovi (2003) suggest to recognize errors of Types 2 and 4

by comparing the estimated displacements from in-place incli-

nometer data to the changes in the casing profiles at the positions
where the in-place inclinometer probes are fixed. The only alter-
native way to survey the casing profiles is to use the mobile
inclinometer probe. Table 2 contains the results obtained for In-
clinometer T8. They differ from those reported in Simeoni and

Mongiovi (2003) because casing spiral no longer has been taken

into account in the data processing. It is seen that usually there is

no agreement between in-place and mobile displacements, neither
in magnitude nor in direction. Differences in magnitude are often
larger than 1 mm, differences in direction may be as large as 90°.

It is interesting to note that at the first time interval the mobile

inclinometer displacements are twice the in-place inclinometer

displacement in magnitude, although the directions are almost the
same. This fact was also recognized for the other inclinometers
and made it possible to detect a malfunctioning in the amplifier.
The amplifier was then removed.

On the contrary, in the time interval December 16, 2002—April
8, 2003 displacement from in-place inclinometer is similar to the
mobile one, but directions differ by more than 20°. In order to
gain some insight into the comparison between mobile and in-
place inclinometer data, a statistical approach has been defined.

Statistical Approach for the Comparison of Data

The changes in the casing profile where the in-place inclinometer
~ probe is fixed are calculated from the mobile inclinometer data
by assuming the casing profile to vary as the polygonal of posi-
tions of the probe. In Fig: 12 the case of Plane A of Inclinometer
T8 is shown. The in-place inclinometer probe is fixed at a depth
of 24.3 m with respect to the middle point between the wheels,
meanwhile the measurements by the mobile inclinometer probe
are made at 0.5 m intervals. The value of the change of A corre-
sponding to the length of the in-place inclinometer probe, be-
[t

tween measurements j and k: A; i

ipl;» may be expressed as
Eiplf = 0524“5 + Az:;.s]jf + bgzsljf (16)

According to Egs. (4a) and (10a) E,-P];' is a linear combination of
normally distributed variables, and its variance is expressed by

In the same way, B;,|f and s} |¥ may be written as
p

i

Eiplf =c Byff+ Ezmslf +d Ezsuf (18)

s%ipljf =(c?+1+ dz)s}zg]_]; (19)

By defining the components of displacements as

xem B2 (20)
1PJK

y=m A2 (21)
IPJK

(x and y are positive along Axes Ay and Bigg, respectively) their
variances are

D 2
ap=(2) g, @)

. (D\?
Sij‘:(}) S‘,Z‘ipl_]; (23)

The results obtained by processing the data from the two time
intervals October 30-December 16, 2002 (668-715 days since
Janvary 1, 2001) and December 16, 2002-April 8, 2003
(715828 days since January 1, 2001) are reported in Table 3.

The data collected by the in-place inclinometer during the
same time intervals are reported in Fig. 14(b). As mentioned in
paragraph 5.2 they include some shifts due to the performance of
either mobile inclinometer or water level measurements. These
data have been processed by using the model defined in Eq. (15)
and results of displacements, velocity, and acceleration are those
reported in Fig. 11. Values of components of displacements, vari-
ance and three times the standard deviation are listed in Table 4.
The quantities relative to the in-place inclinometer are reported
with the underscore in order to distinguish them from those rela-
tive to the mobile inclinometer.

In attempting to decide if difference of values between mobile
and in-place inclinometer are due to the accuracy of measure-
ments, we can formulate the null hypotheses Hy, and Hg,

Hyox=x, Hpey=y - (24)

Table 5. Standardized Variables z, and z, and Critical z Score for
Two-Tailed Test

Interval

{days) ) 2 Zy 5% 1% 20.1%
October 30, 2002~ -12.31 =215 -196 -258 329
December 16, 2002

December 16, 2002- -030 -458 -196 258 -3.29
April 8, 2003
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Table 6. Confidence Interval for Components of Displacement x and y

Confidence interval for x

Confidence interval for y

Interval
(days) 95% 99%

99.9% 95% 99% 99.9%

October 30, 2002~
December 16, 2002

(=2.867) to (—2.266) (~2.961) to (-2.172) (~3.071) to (-2.062) (0.393) to (0.751)

(0.337) to (0.807)  (0.272) to (0.872)

December 16, 2002—- (-1.929) to (-1.314) (-2.026) to (-1.217) (-2.138) to (~1.105) (-0.294) to (0.045) (-0.348) to (0.098) (—0.410) to (0.160)

April 8, 2003

versus the alternative hypotheses
Hyx#x, Hygy#y (25)
The corresponding standardized variables are given by

X—x y—y

A (26)
Sxx Syy
with variances sfq and siy equal to
se=sili+ sl =57l (27a)
2 _ 22, 22 22
Syy = s+ sz,|1 =s|7 (27b)

The values of the variables for the inclinometer data and their
critical values for two-tailed test at levels of significance equal to
5, 1, and 0.1% are shown in Table 5.

For the time interval October 30-December 16, 2002 the hy-
pothesis Hy, is rejected at any value of the level of significance;
meanwhile the hypothesis Hy, is rejected at 5% the significant
level. For the time interval December 16, 2002—-April 8, 2003 the
hypothesis Hy, is never rejected; while hypothesis Hy, is rejected
at all levels of significance.

It is worth noting that when the hypothesis Hj is rejected
for the component x of displacement, that usually is the largest
component, the value of direction differ significantly from the
expected one (Table 2). The expected direction is the direction
of the displacements calculated by using the mobile inclinometer
recordings and accumulated since July 1997. As the magnitude
of the accumulated displacements is bigger than the magni-
tude of the current displacements, the accuracy of the expected
direction should be small (Fig. 9). For Inclinometer T8 the
expected value of direction ranges between 293 and 322°. For
the time interval October 30-December 16, 2002, where the hy-
pothesis I is rejected for the component x, the direction calcu-
lated with the in-place inclinometer data is equal to 335° and
differs significantly from the expected direction 293-322°. For
the time interval December 16, 2002-April 8, 2003 days the di-
rection from in-place data is 297° and falls inside the expected
interval. :

As the variances of components x and y are some orders of
magnitude less than variances of components x and y, the com-
parison between components of displacement may be done just

verifying if components x and y fall inside or outside the confi-
dence intervals of components x and y. The 95, 99, and 99.9%
confidence intervals for the time intervals October 30-December
16, 2002 and December 16, 2002—-April 8, 2003 are shown in
Table 6. It is seen that when the null hypothesis H, was rejected
the component of the in-place inclinometer displacement falls
outside the confidence interval of the component of the mobile
displacement.

In Table 7 discrepancies in displacement, either for magnitude
or direction, are compared to the accuracy of magnitude and di-
rection of displacements calculated from the mobile inclinometer
readings. Accuracy was evaluated by using Egs. (13) and (14)
in which sA]f and sBlj‘f were evaluated by multiplying the standard
deviations calculated according to Eqs. (17) and (19) for the con-
fidence coefficients 1.96, 2.58, and 3.29 relative to the 95, 99, and
99.9% confidence intervals, respectively. For the first time inter-
val, when hypothesis Hy was always rejected for component x,
both discrepancy in magnitude and in direction are bigger than
the accuracy. For the second time interval, when hypothesis H,
was 1ejected for component y, only the discrepancy in direction is
bigger than accuracy. Therefore, it may be argued that direction of
displacement represents a good indicator to check the reliability
of displacements.

Origin of Errors

The comparison between mobile and in-place inclinometer dis-
placements make it possible to recognize the discrepancies be-
tween the two types of measurements, and not to state if both
of them or which one are reliable. Nevertheless, if displacements
or components of displacements calculated from the two types of
measurements do not differ by using the statistical approach, it is
likely that both types of measurements are correct; on the con-
trary, if discrepancies have been recognized, at least one type of
measurement has to be affected by error or disturbance. With
reference to the classification of disturbances made in paragraph
5.2, the discrepancies in displacements evaluated for the time
intervals October 30-December 16, 2002 and December 16,
2002~April 8, 2003 could be associated with disturbances of type
4 in the signal of the in-place inclinometer. Actually, this may be
the case for the time interval October 30-December 16, 2002,

Table 7. Discrepancies in Mobile and In-Place Displacements and Accuracy of Displacements from Mobile Inclinometer Recordings

Accuracy of displacement magnitude

Accuracy of displacement direction

Discrepancy (mrn) (degrees)
Interval |Ad| |Ag)
(days) (mm) ®) 95% 99% 99.9% 95% 99% 99.9%
October 30, 2002-December 16, 2002 1.589 35 0.332 0.436 0.558 5 7 9
December 16, 2002-April 8, 2003 0.030 15 0.320 0.420 0.537 7 9 11
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when on day 697 the piezometric measurement was carried out by
lowering a water level indicator in the casing and passing the
in-place inclinometer. It is likely that the insertion of the water
level indicator made the in-place inclinometer move and the sig-
nal drift. But, as a matter of fact, on that day Signals A and B of
the in-place inclinometer also started to accelerate.

During the second time interval (December 16, 2002-April 8,
2003), the discrepancy is between the components y and y, that
are smaller than components x and x. In this period neither
anomaly cannot be recognized in the signals of the in-place incli-
nometer nor piezometric or manual inclinometer measurements
were performed. Therefore, disturbances on Signal A may be
caused either by the replacement of the inclinometer after the
manual measurements on day 715 or by the assumptions made in
the processing of mobile inclinometer recordings. In particular,
the data were always processed by assuming relationships (3) to
be valid even though the systematic errors g}; and e3; can change
when the probe is tarned on the opposite groove. If this is the
case they cannot be deleted by using Eq. (2) and the bias-shift
error is introduced (Mikkelsen 2003). Further, three types of
systematic errors were recognized by Mikkelsen (2003): the
sensitivity drift, the rotation error, and the depth positioning
error. Following the methods suggested by Mikkelsen (2003),
the bias-shift error and the rotation error were estimated to know
if they could be responsible for the discrepancy between mobile
and in-place inclinometer displacements. The sensitivity drift
and the depth positioning error were assumed to be null. The
former becaunse it was not detected during the probe calibration,
the latter because changes in the axial length of the casing,
changes in the cable length, or changes of the top reference mark
were not likely to occur owing to the small displacements and
the care given during the measurements. As expected, the bias-
shift and the rotation errors were small as they were summed on
two intervals only. For the time interval December 16, 2002
April 8, 2003 a cumulative error of +0.024 mm was estimated
for the component y. This value is not big enough for accepting
hypothesis Hy,.

Moreover, mobile and in-place measurements were processed
by assuming a linear fitting of the calibration data without taking
account for errors due to linearity. These errors could be signifi-
cant in the time interval December 16, 2002—-April 8, 2003, and
could be the reason of their discrepancy in size. A reduction of the
errors due to linearity could be achieved by using smaller ranges
of calibration similar to the inclination intervals measured in the
field. Further errors in the assessment of the displacements from
mobile recordings could be included when a polygonal was as-
sumed to describe the casing profile. It may be that these errors
are more significant when the displacements are small.

Concluding Remarks

With 4 years experience of real-time monitoring of landslide dis-
placements it is useful to highlight some important aspects that
govern the way the monitoring system has been managed and the
data have been processed. Even though the landslide has so far
moved intermittently with small and slow displacements, an ac-
celerated phase of movement resulting from exceptional rainfall
events or a progressive failure phenomenon can be expected. The
hazard related to such kind of movement and the presence of
some of the most important transport and communication lines
through the Alps requires the use of an alarm and warning system

based on the monitoring of displacements and a landslide evolu-
tion model.

Any technical device is never infallible so it is good practice
to not depend on only one type of instrument or technique. For
the Castelrotto landslide the simplest system was to combine in-
place inclinometers with periodical measurements by using a
mobile probe. In this way, it was possible to detect the position
of the sliding surface and to place only one in-place inclinometer
in each casing. Besides, periodical measurements by using the
mobile probe provided the casing profile at any depth, and
gave useful data for checking the reliability of the displacements
evaluated from the in-place inclinometer recordings. In fact, if
monitoring data have to be used for defining the mechanism of a
landslide and then for managing a warning system the geotechni-
cal engineer is asked to check the functioning of the system and
assess the reliability of data.

The need to monitor the landslide movements during a pos-
sible acceleration, that means to monitor large displacements,
demanded the use of inclinometer sensors with a wide range and,
therefore, with a high value of accuracy. Consequenily, when the
displacements were small in magnitude the variation of signal
was on par with the level of accuracy of the instrument. In such
condition the signal of the in-place inclinometer and the record-
ings of the mobile probe could be processed only by using a
statistical approach.

The statistical approach first estimated the best value of
measures and their accuracy by analyzing the checksums of the
mobile recordings and by using a LQTM to process the automatic
readings. The LQTM was also helpful for estimating the kine-
matic characteristics of the movement. Given the best values of
measures, the approach compared the displacements evaluated
from periodical and automatic measures with the purpose of as-
sessing the reliability of real-time and periodical measurements. It
was seen that the comparison by using a statistical test between
directions of displacements from in-place inclinometer data or
mobile probe recordings represents an easily assessed and good
indicator to check the reliability of displacements. Nevertheless,
further studies should be made for investigating the influence of
the calibration curve and of the polygonal used for the casing
profile on the smallest displacements.
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