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The analysis of landslide hazard requires continuous and high frequency surface displacementmonitoring at nu-
merous and geomorphologically relevant locations. Ground-based geodeticmethods (GNSS, tacheometry) allow
very accurate and high frequency temporal observations while remote sensing methods (InSAR, terrestrial and
satellite photogrammetry, LIDAR) allow spatially distributed observations at high spatial resolution. A single sur-
face deformation monitoring technique coupling all these capabilities is still missing.
The Geocube system has been designed to partly overcome this pitfall by creating a low-cost, flexible, easy to in-
stall and wireless GPS receiver. Dense Geocube monitoring networks can be set easily for operational observa-
tions. Furthermore, the monitoring of other landslide properties (micro-seismicity, seismic waves) or
triggering factors (meteorology, slope hydrology) is possible with the capacity of integrating additional sensors
to the Geocube.
Thisworkpresents the Geocube system and the results of afield campaignperformedduring the summer2012 at
the Super-Sauze landslide, southern French Alps, with a network of wireless low-cost GPS. The objective was to
assess the performance of the Geocube system in real fieldmonitoring conditions. Our results document the spa-
tial and temporal evolution of the landslide during a period of 40 days. Landslide acceleration periods are detect-
ed and correlated to rainfall events.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Detecting and identifying possible precursors of rapid landslide
events (initial failure slope, acceleration of the moving masses, fluidiza-
tion) requires high frequencymonitoring and very high precision of the
displacements measurements (Malet et al., 2002). A large variety of
techniques is available for the monitoring of landslide displacements,
ranging from classical ground-based geodetic methods (tachometry,
Global Navigation Satellite System — GNSS — Malet et al., 2000, 2002),
to remote sensing passive and active methods (optical, radar and
LiDAR — Jaboyedoff et al., 2012). For surface displacement monitoring,
ground based methods yield 3D measurements, a very high accuracy
(typically in the range of a few millimeters) and high frequency obser-
vations (minutes to hours). However, these methods provide only a
local (e.g., point) measurement of the deformation and thus a low spa-
tial resolution. At the opposite, remote sensing methods provide dense
displacement fields, but are characterized by low temporal resolution,
and low accuracy (typically in the range of a few centimeters to decime-
ter, except for InSAR possibly attaining a few millimeters accuracy for
the Up component). In addition these methods rarely provide 3D
ris, 94160 Saint-Mandé, France.
measurements, except for LiDAR observations (Travelletti et al., 2014).
In this context, GNSS observations from geodetic dual-frequency re-
ceivers can be considered as a reference technique because of the possi-
bility of high accuracy on the determination of the 3D locations at high
temporal resolution (minutes to hours) and for all weather conditions.
Moreover, GNSS monitoring systems are relatively easy to maintain
and automate. However dual-frequency GNSS receivers are still expen-
sive (in the range 5000 to 10,000 USD) which drastically limits either
the number of monitoring points, or the region of interest to monitor
to avoid possible loss of equipment.

In order to allow the deployment of dense GNSS networks on land-
slides, the unit price of each receiver has to be lowered. The use of less
expensive single-frequency GNSS receivers is possible in case of land-
slides monitoring because their small size (a few hundreds of meters
to 1 or 2 km) allows a relative positioningwith short baselines (typically
less than 5 km)whichmitigates spatially correlated errors (such as ion-
ospheric disturbances) andmakes the use of L2 frequency unnecessary.
Single-frequency receivers have been successfully used in the past for
different landslide surveying tasks (Malet et al., 2000, 2002; Squarzoni
et al., 2005; Heunecke et al., 2011).

In addition, during the last few years, single-frequency Global Posi-
tioning System (GPS) chips (up to now, only GPS is available, but
chips with more GNSS constellations are scheduled in the coming
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years) able to record raw carrier phase data at a low energy consumption
rate are available on the market for around 100 USD. These chips acquire
L1 frequency data in the same way as geodetic receivers. In order to ob-
tain low-cost monitoring devices, the GPS antennas are small and basic,
and this simplicity leads to a lower multipath rejection than larger and
more expensive geodetic GNSS antennas (e.g., choke-ring) leading to a
slightly degraded accuracy. SuchGPS chip and antenna can be used to de-
sign low-cost, compact and flexible GPS receivers using low-power
(10W) solar panels that can be easily installed in the field for continuous
data acquisition. Integrating a radio link to the receivers allows wireless
and real-time data exchange. Distant receiver settings and real-time posi-
tioning are then possible (Cattin and Brahier, 2011).

The miniaturization of the electronic components impacts also the
environmental sensors allowing the monitoring of, for instance, the
soil/air temperature, the soil water content and the pore water fluid
pressure. Using for example MEMS (Micro-Electro-Mechanical Sys-
tems) sensors, the receivers can acquire other observations in comple-
ment to positioning observations. Such device corresponds to the
concept of geo-localized multi-sensors (Azzam et al., 2010; Peters
et al., 2010; Buchli et al., 2012). The Geocube system has been devel-
oped by the FrenchNational Institute of Geographic and Forest Informa-
tion (IGN — Institut National de l'Information Géographique et
Forestière) to combine these two concepts of wireless network of low-
cost GPS and multi-sensor receiver.

In thiswork, we present theGeocube system and benchmark its per-
formance and accuracy in real field monitoring conditions at an active
landslide. First, the technology of the Geocube system, the characteris-
tics of the network operationmode and the principles of the calculation
of the positions are presented. The capability of the positioning algo-
rithm to measure several types of movement expected in the case of
landslide monitoring is discussed. Second, the characteristics of the
field acquisition carried out at the highly documented Super-Sauze
landslide are presented. This landslide ismonitored by the French Land-
slide Observatory (INSU-OMIV; http://omiv.unistra.fr). The hardware
performances and the displacementmeasurements are assessed. Finally
we discuss the contribution of Geocubes to detect transient accelera-
tion/deceleration of the Super-Sauze landslide in summer 2012. During
this period five rain events led to 130 mm cumulative rainfall, with a
pick intensity reaching 30 mm·day−1. Simultaneously, the ground-
water table in the landslide ranged between 1.40 m and 1.65 m below
the topographic surface.

2. Characteristics of the Geocube system: instrument, network
operation and data processing strategy

2.1. Technological design

Small low-cost GPS chips with low-power consumption are avail-
able on the market. Providing raw carrier phase observations, these in-
struments allow precise positioning (Takasu and Yasuda, 2008) and
event dating. Similarly, an increased number of various small size envi-
ronmental sensors are becoming available at low-cost. The coupling of
GPS chips and other sensors to create geo-localized multi-sensors is of
great interest. However data acquisition and management of all these
sensors is still complex,mainly because of the necessity to combine sev-
eral hardware interfaces.

The Geocube system was designed to overcome some of these limi-
tations and has the following specifications:

1) The ability for sub-centimeter relative positioning within a local re-
ceiver network (b5 km extension);

2) The ability for precise measurement dating (10−4 s in standard op-
eration mode) and synchronization in a single time scale of all sen-
sors of all receivers in the network;

3) The ability for an easy integration of various sensor types offering a
modular and flexible architecture;
4) The establishment of a wireless link for data exchange between the
Geocube nodes;

5) The possibility to use small (30 cm × 35 cm, 10 W) solar panels for
power supply;

6) The use of low-cost material to allow the setup of dense networks.

In order to implement these specifications, the Geocube is designed
in three modules consisting of three electronic boards (Fig. 1):

– A GPS module (GPS board; Fig. 1) including a single-frequency LEA-
6 T GPS chip (from Ublox) and a SL1206 antenna (from Sarantel)
allowing differential positioning andmeasurement dating. The posi-
tioning of the Geocube is possible thanks to raw carrier phase data
provided by the LEA-6 T chip. This GPSmodule allows dating the ob-
servations of other sensors in the GPS time scale.

– A radiomodule (RF board; Fig. 1) based on theXbee prodevice (from
Digi) to communicate among the Geocube nodes. The frequency
used is 2.4 GHz. The main advantage of this radio module is its low
energy consumption and the mesh mode used (e.g., every Geocube
can route data) through the proprietary protocol Digimesh.

– A management module (Microcontroler board; Fig. 1) based on the
MSP430F5438A micro-controller (from Texas Instruments) used for
data and sensor management. A 2 GB micro-SD card is used for
data recording.

In addition to these three core modules, environmental sensors can
be connected either directly to the Geocube if the sensor is small
enough, or outside the Geocube if it is large and/or needs a contact
with its environment (Fig. 2). For example meteorological sensors, soil
humidity probes, pore fluid pressure sensors and seismometers have
been successfully coupled to the core modules.

In order to control all the components, a dedicatedOperating System
(OS) named G3OS is used. It is designed for wireless multi-sensor and
remotely-controlled receivers. The OS can operate many simultaneous
events ordered by priority even if a single processor is used, and it is
also designed to synchronize the MSP430F5438A clock on the GPS
time scale. Thus, the observations from all sensors of all receivers of a
network are recorded in the same time scale. Moreover G3OS allows re-
cording data on the micro-SD card in FAT file format, which makes it
readable by any computer. Finally G3OS can be remotely improved.
For this aim, a new release previously tested in the office is send by
radio to theGeocube. A simple reset of the device allows then the instal-
lation of the new OS release.

2.2. Network deployment and operation mode

Each Geocube is designed to be used as a sensing node of a network.
The whole system is composed of several Geocube nodes acting as sen-
sors, a computer coordinator in the field acting as a link between the
network and the clients, and one or several client applications running
on distant or local computers.

The coordinator is a small Personal Computer (FitPC from
Compulab). It is equipped by a radio bridge to communicate with the
Geocube nodes and by a wired or satellite-based Internet link to com-
municate with distant computers.

On the coordinator, a daemon (named serverG3) is used to manage
interactions between the Geocube network and the clients. Each client
corresponds to a software dedicated to a specific task (e.g., node posi-
tioning, data visualization, and network setting). The clients can be
assessed on distant computers connected to Internet or on the coordi-
nator. The user interactswith these softwares usingdedicated interfaces
(graphical or command line versions). Five types of clients are available
(Fig. 3):

– A Graphical User Interface client (GUI) allowing a user to interact
with one or several Geocube nodes. It is then possible to
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Fig. 1. Hardware architecture of the Geocube system.
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communicate with the receiver and to download the observation
files;

– A database client used to record and collect the observations;
– A scheduling client sending commands to the Geocube nodes at a

given time;
– Adownloading client allowing to schedule the download of observa-

tion files at a given time;
– A real-time processing client allowing precise positioning from a

continuous flow of raw-carrier phase observations.

To reduce the complexity of the daemon serverG3, the number of in-
dividual clients interacting with one coordinator is limited to seven.
Fig. 2. Instrumental design of a Geocube node. Left: Internal view of a Geocube node. Right: A G
radioactivity sensor, an air quality sensor, and a wind speed sensor).
2.3. Calculation of the GPS position

A processing software has been developed for calculating the posi-
tion of the Geocube receivers from raw carrier phase data (Fig. 4) re-
corded by the GPS chip. It is optimized for small (a few square
kilometers) networks, single-frequency observations and epoch-by-
epoch processing (the position time series are computed at the carrier
phase acquisition sampling rate). To allow measurements of deforma-
tion with a centimeter level accuracy, the algorithm uses relative posi-
tioning (i.e., the positions of the moving nodes are known relatively to
one or a set of stable nodes). Therefore, carrier phase observations
from a series of stable nodes with known coordinates must be included
into the network calculation.
eocube node and example of additional sensor layers (from left to right: a Geocube with a



Fig. 3. Framework of a Geocube network and of its clients.
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The main features of the processing software (Fig. 4) are presented
below focusing on relevant information for the targeted application of
landslidemonitoring. More details on the processing theory and imple-
mentation of the solution are described in Benoit et al. (2014).

The position of the receivers are computed (and updated in the da-
tabase) each time the GPS observations are sent from the Geocube
nodes to the coordinator. To this end, Geocube nodes are programmed
to record observations at the same point in time (called epoch) across
the whole network using a predefined sampling rate (typically 1 s to
30 s, depending on the application). The observations are sent by
radio and are centralized in the coordinator. The data time transfer
amounts to 1 to 20 s depending on the size of the network. Then, the rel-
ative position of the receivers is calculated from the raw carrier phase
observations. The relation (expressed in wave cycles) linking phase ob-
servationsΦr

s with the receiver coordinates Xr, Yr, Zr is the carrier phase
Fig. 4. Acquisition and real-time pro
equation commonly used for precise GPS positioning applied here on
the L1 data (Eq. (1))

ϕs
r ¼

1
λL1

� ρs
r þ

c
λL1

� dtr þ dtsð Þ−Ns
r þ τsr;iono þ τsr;tropo þ ε

ρs
r ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Xr−Xs� �2 þ Yr−Ys� �2 þ Zr−Zs� �2q ð1Þ

where ρrs is the geometric range between the receiver r and the satellite
s, Xs, Ys, Zs are the coordinates of the satellite s, dtr and dts are respec-
tively the satellite and receiver clock biases; c is the speed of the light
in the vacuum; Nr

s is an integer number of wavelength λL1, Δτrs tropo

and Δτrs iono are the errors due to the wave propagation in respectively
the troposphere and ionosphere, and ε is the residual error. In order to
remove the major parts of error and bias in Eq. (1), the double
cessing of the GPS observations.
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differences combination of carrier phase observation equations is ap-
plied between pairs of receivers and satellites (Eq. (2)).

In case of short baselines (typical of local GPS network of less than
5 km), the use of double differences processing discards the clock biases,
mitigates the spatially correlated errors and thereby makes the use of L2
data unnecessary for the ionospheric correction (Malet et al., 2002). The
actual observation equations used for the calculation of node positions
are thusdouble differences, beforehand correctedusing the Saastamoinen
model (Saastamoinen, 1972) in order to correct the potential remaining
tropospheric effect due to the height difference between the receivers
(Eq. (2)). Due to the coarseness of this model, the height difference be-
tween the nodes involved in the networkmust be less than 300m to en-
sure a relevant estimate of the position.

∇Δϕs1;s2
r1;r2−∇Δτs1;s2r1;r2;tropo;saastamoinen ¼ 1

λL1
� ρs1;s2

r1;r2−Ns1;s2
r1;r2 þ ε: ð2Þ

An extended Kalman filter is used to compute the receiver positions
from double differences for an epoch-by-epoch processing using Eq. (2)
as observation equation. The only estimated parameters are the receiver
coordinates. Since a network processing is used, the double differences
are formed between one master node (arbitrary selected, often the
nearest of the coordinator) and all the other Geocube nodes. The carrier
phase observations of themaster node (r1 in Eq. (2)) thus appears in all
double differences used for the positioning, and thereby ensure the link
between the observations of the whole network. The observation equa-
tions are inverted together over the Kalman filter estimation step
(Fig. 4). During the real-time monitoring, the resulting coordinates are
available a few seconds after the centralization of raw carrier phase
data in the coordinator, approximately 30 s after the carrier phase ac-
quisition by Geocube nodes. In our processing, the ambiguities are
solved preliminary using approximate relative position of the Geocube
nodes. Such positions are computed from the convergence of a Kalman
filtering using triple differences as observations (Remondi and Brown,
2000). This processing is carried out at the installation day of the
nodes in the field. It requires around 1 h during which precise position-
ing is not available. Once the approximate node positions are known,
the real-time positioning algorithm can be applied leading to a continu-
ous monitoring.

Themain tunable parameter in theKalman filter is the process noise,
which is assumed constant all along the session. It determines the range
of position variation allowed to the Geocube nodes during the predic-
tion step (Fig. 4). The process noise is set accordingly with prior
assumptions on the nature of the expected movement, and it deter-
mines the smoothing of the resulting position time series. If a high pro-

cess noise (σw ¼ 2:10−4 �
ffiffiffiffiffi
dt

p
m,with dt corresponding to the sampling

rate in seconds) is set, each position is estimated almost independently
of the previous one. It allows detecting fast displacements, but the
resulting position time series are noisy. This noise is mainly due tomul-
tipath effects, i.e., local diffusion/reflection of the GPS waves generated
by the surrounding antenna environment (Larson et al., 2010). They af-
fect especially the data collected by the Geocube node because the GPS
antenna is standard with a lobe geometry that does not reject themajor
part of the multipaths.

Multipaths are featured by a 10 s to 600 s period (Choi et al., 2004). If
only smooth movements are expected in the monitored area, multi-
paths and displacements have separate frequency spectra. Thus, a low

process noise setting in the Kalman filter (σw ¼ 2:10−6 �
ffiffiffiffiffi
dt

p
m) is

used to mitigate multipath effects by imposing small displacements be-
tween consecutive position estimates; this approach allows to discrim-
inate (smooth) displacements in position estimates and multipaths in
residuals. However, displacements and multipaths have rarely totally
separated frequency spectra. A compromise between multipath rejec-
tion and displacement detection is thus required. The positioning accu-
racy depends on the magnitude of the expected displacements; the
larger displacements are the less accurate due to the incompatibility
of strong smoothing and large displacement recording.

The precision and accuracy of the estimated coordinates were
assessed during various tests, respectively by computing the a posteriori
standard deviations of stable baselines observed under field conditions,
and from the analysis of varying baseline lengths during controlled dis-
placement experiments (Benoit et al., 2014). Two to 5 mm in the hori-
zontal component, and 4 to 10 mm in the vertical component a
posteriori standard deviations were obtained depending on the process
noise used (the best precision is obtained with a low process noise).
Note that in the case of a low process noise, up to 6 h of observations
are needed for fitting sudden displacements.

According to the instrumental specifications and the processing of
the GPS observations, the range of applicability of a Geocube network
for landslide monitoring is the following:

– short baselines (b5 km),
– height differences (b300 m),
– surface displacement rates in the range 0.005 m·day−1 to

5 m·day−1,
– and installation of the nodes on stable and rigid structures to ensure

a coupling of the receivers with the deforming media.

3. Field application: monitoring of the Super-Sauze landslide with a
dense Geocube network

3.1. Geomorphological setting of the Super-Sauze landslide

The Super-Sauze landslide is representative of mass movements de-
veloped in clay-shale deposits. It is located in the Barcelonnette Basin in
the Southeast French Alps (Fig. 5) and has been triggered in the 1960s.
The landslide has a length of 950 m from the main scarp to the toe, and
is up to 150m inwidth. The difference in elevation is around 300m. The
topographic surface displays several deformation features such as
ridges, bulges, lobes and fissures but also surface erosion features such
as rills and small gullies. The landslide features highly variable displace-
ment rates (from 0.005 m·day−1 to 0.03 m·day−1). The displacement
field is heterogeneous in time and space (Fig. 5) because of local inter-
actions between the moving mass and the stable bedrock (Travelletti
and Malet, 2012; Travelletti et al., 2012). The general direction of the
displacements is facing N-10° in the upper part and N-340° in the
lower part in relation to the bedrock geometry. In general, a decrease
in the displacement rates is observed from the top to the bottom of
the landslide indicating an accumulation of material in the lower part
(Travelletti and Malet, 2012).

During the last 20 years, the landslide has been investigated through
numerous monitoring campaigns including GPS surveys (Malet et al.,
2002), in-situ hydro-geophysicalmeasurements (Malet et al., 2005), re-
peated terrestrial and airborne LiDAR (Light-Detection and Ranging)
observations (Travelletti et al., 2014), and the acquisition of aerial or ter-
restrial optical imagery (Travelletti et al., 2012; Niethammer et al.,
2012). Several years (1996–2014) of continuous displacements and
pore water pressure monitoring have demonstrated that the slope ac-
celerations are controlled by hydro-climatic factors (rain, snow melt)
(Bernardie et al., 2014) and are generally the result of the undrained re-
activation of the reworked material (Malet et al., 2005). The kinematic
regime has a marked seasonal trend with two acceleration periods in
spring and autumn (Fig. 5), and two deceleration periods, in winter
(when snow covers the landslide) and in summer.

3.2. The Geocube monitoring network of Summer 2012

A monitoring campaign with a network of nineteen Geocube nodes
was carried out during 82 days in summer 2012 (from 2012/07/06 to
2012/09/26). Sixteen Geocube nodes were installed in the upper part
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Fig. 5. Study area. (a) and (c): Location of the Geocube nodes installed for themonitoring campaign; the Geocube network has been installed in the upper part of the landslide where the
displacement rates are the highest. (a), (b) and (c): Previous knowledge on the landslide and the displacement field, adapted from (Bernardie et al., 2014; Travelletti andMalet, 2012). The
longitudinal cross-section (c) highlights the spatial distribution of the displacement in relation to the shape of the stable bedrock, the depth of the landslidematerial and the slope angle of
the surface topograph.
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Fig. 7. Instrumental status of operation of the Geocube nodes during themonitoring cam-
paign of 82 days.
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of the landslide in an area with large displacement rates (Amitrano
et al., 2007; Bernardie et al., 2014), and three Geocubes nodes were
installed on stable slopes surrounding the landslide (Fig. 5). The nodes
were fixed on PVC tubes filledwith concrete and anchored in the topsoil
over a length of 30 cm (Fig. 6). The distance between theGeocube nodes
installed on the landslide was around 20m to allowmeasuring the dis-
placement field at a high spatial resolution (Fig. 5). The coordinator
node and a satellite antenna for Internet connection were located
close to the Geocube receiver 1021 on the Western slope of the land-
slide in order to overlook the whole network and facilitate the radio
link.

In addition to the GPS observations, meteorological and hydrological
sensors were installed and connected to the Geocubes. These sensors
consisted in air pressure, air temperature and air humidity measure-
ments (at Geocube receiver 1015), rainfall, wind velocity and wind di-
rection (at Geocube receiver 1021), soil temperature and soil water
content (at Geocube receivers 1006, 1008 and 1020) and soil water ten-
sion set up around 60 cm underground (at Geocube receivers 1006 and
1020). Some of these Geocube nodes with their environmental sensors
are presented in Fig. 6. Groundwater level observations monitored in a
piezometer operated by OMIV (PIEZ, Fig. 5) are also used.

The instrumental status of the receivers (power consumption and
management, data storage and data transmission), the quality of the
GPS positioning and the quality of the environmental sensors added to
the GPS receivers were tested. In terms of positioning, the test site is
challenging because a crest to the South creates a 40° topographic
mask reducing the skyview of the GPS satellite constellation.

3.3. Performance of the Geocube hardware

Due to experimental conditions, 62% of the potential observations
were acquired. Fig. 7 summarizes the completeness of the observations
for all receivers and itemizes the causes of malfunctioning. Observation
loss corresponding to a lack of power supply was caused by technical
problems with four solar panels at the beginning of the survey period.
They were then replaced and after this maintenance, the affected re-
ceivers worked well. The environmental sensors acquired data when
the corresponding Geocube nodes operated well, but receivers 1006,
1008 and 1020 present a loss of observations due to a lack of sealing in-
duced by the connection of external soil temperature and humidity sen-
sors. The meteorological sensors of receivers 1021 and 1015 did not
disturb the GPS acquisition and all the observations are available.

The network aspect was also tested during this experiment. Work-
ing receivers could be queried by users along the whole monitoring
campaign. The download of observation files stored locally in SD mem-
ory cards was successfully carried out, as well as experiments of real-
time radio data transfer for real-time positioning.

However, we experienced some troubles for coordinator power sup-
ply due tomis-sized solar panels and batteries regarding the high power
consumption of the master station (mainly due to the satellite Internet
Fig. 6. Installation of the Geocube nodes in the field. (a) Geocube receiver 1021 installed on a
receiver 1015 with air temperature and air humidity sensors. (c) Geocube receiver 1008 with
connexion used). This forced us to shut down this coordinator nodedur-
ing the nights, thereby avoiding a continuous real-time monitoring of
the landslide. Yet a better power supply facility should fix this problem.
In order to test the Geocube positioning performances despite this lim-
itation, the raw data were stored in situ in the SD card of the Geocube
nodes during the whole session, and post-processed off line at the end
of the session.
3.4. GPS data processing

GPS raw carrier phase were acquired at a 30 s sampling rate and
stored on SD memory cards. At the end of the session, the data are
downloaded on a computer and processed by the positioning algorithm
presented in Section 2.3 implemented in a post-processingmodule. This
module mimics the real-time processing, the only difference being that
it uses the raw carrier phase data stored in files in spite of carrier phase
data sent by radio. For the processing, a 10° cut-off angle and epochs
with three or more satellite phase data were used. In order to constrain
the solution during poor GPS constellation periods, a process noise of

σw ¼ 2:10−6 �
ffiffiffiffiffi
dt

p
m was setup in the Kalman filter. This filter allows

rejecting a part of the multipaths on residuals without a miscalculation
of the positions because of the smooth nature of the displacements. As
an example, a 40-day session (from 2012/08/01 to 2012/09/09) of ob-
servation, selected for the trade-off between the number of working
nodes and the session length, is presented in Figs. 8 and 9. During this
session, nine Geocube nodes were acquiring observations without any
loss, and five additional nodes worked discontinuously. Two stable
Geocube nodes (1021, 1010) set up on stable slopes surrounding the
landslide were used as references.

In order to ensure the stability of the references and to assess the real
precision of the processing for site-specific acquisition conditions, the
baseline between the fixed receivers is processed (Fig. 8).

For this baseline, the three components show long-term stability
with daily oscillations due to remaining multipath effects and the 23 h
and 56 min repeat time of the GPS constellation (Agnew and Larson,
stable slope surrounding the landslide with a wind sensor and a rain gauge . (b) Geocube
ground temperature and soil water content sensors.
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Fig. 8. Time series of the baseline (three components, 30 s sampling rate) between the Geocube receivers 1021 and 1010 installed on stable slopes. The period of measurements extents
from 2012/08/01 to 2012/09/09.

118 L. Benoit et al. / Engineering Geology 195 (2015) 111–121
2007). The Up component has a three time larger dispersion than the
horizontal components which is characteristic of GPS positioning be-
cause all visible satellites are located on a half-sphere above the re-
ceivers. Some larger variations in the daily coordinates occur at 08/20 -
08/23, 08/30 and 09/03 - 09/05 which are rainy days. During these
rainy days, the amplitude of the multipath changes (Larson et al.,
2010) inducing a temporary bias on the estimated positions. For the
40-day session, displacement records present a standard deviation of re-
spectively 2 mm and 5 mm for the horizontal and vertical components.
The repeatability of the displacements is similar to the one obtained in
the same conditions by geodetic grade GPS receivers (Malet et al.,
Fig. 9.Kinematics of the landslide during themonitoring period. Left: Measured horizontal mea
08/01–2012/09/09).
2002) and confirms the relevance of the adopted positioning strategy
based on a local network of single frequency low-cost GPS receivers.

3.5. Analysis of displacement pattern

The data collected by the Geocubes allowed estimating continuous,
high frequency 3D positions for many sensing points (Fig. 9). Hereafter
only the results of the horizontal component, less noisy, are presented
and discussed. A mesh of horizontal displacement rates (Fig. 9a) is ob-
tained for a 10-day period (2012/08/05–2012/08/14) in which 14
Geocubes nodes acquired data. The measured displacement rates
n velocity (2012/08/05 – 2012/08/14); Right: Horizontal cumulative displacements (2012/
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show a large spatial heterogeneity. Gradients of displacement rates are
observed in the north–south and east–west directions. The displace-
ment rates increase from less than 0.0025 m·day−1 at the top of the
landslide to up to 0.01 m·day−1 downslope of the monitoring area.
Higher displacement rates are recorded in the central part of the land-
slide than on the lateral sides. The displacement field (Fig. 9a) is in
agreement with previous knowledge (Amitrano et al., 2007, summa-
rized by Fig. 5), indicating that a lateral gradient of displacement rates
and velocities close to 0.01 m·day−1 were measured.

Time series of horizontal cumulative displacements at a 30 s time
resolution are also computed for the Geocube nodes working during
the 40-day session. Fig. 9b shows the results for five nodes distributed
along the landslide and spaced from 20 m to 50 m. Three different
flow regimes can be identified: 08/01–08/20, 08/21–09/04 and 09/04–
09/09 (Figs. 9b, 10).

The number and spatial distribution of the sensing nodes allow com-
puting the strain tensors from the recorded displacements (Fig. 10). Un-
fortunately, due to the network configuration, the spatial resolution
remains coarse in view of continuum mechanics. However, the strain
tensors give important information about the deformations of the land-
slide. The tensors are calculated for three periods corresponding to the
kinematic regimes identified above: 08/08–08/14 (regime 1), 08/21–
08/30 (regime 2), 08/31–09/09 (regime 3). As the number of nodes is
limited, a Delaunay triangulation between Geocubes nodes was
adopted as background mesh. At each node of the mesh having coordi-
nates (x,y), Eq. (3) gives the relation between the elementary
Fig. 10. Strains estimated at the Super-Sauze landslide (2012/08/05–2012/09/09). The red arro
strain directions. Compression is highlighted in blue, extension is highlighted in yellow. The tria
denote the location of the buried crests of the bedrock channelizing the landslide material.
deformation (∂u∂x; ∂u∂y; ∂v∂x; ∂v∂y) for themain directions of a local coordinate sys-
tem (O,X,Y) and the strain tensor ε.
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As ε is a real and symmetric matrix, it can be diagonalized. The ei-
genvectors give the direction of the principal strains and the eigen-
values give the amplitude. A positive eigenvalue indicates extension
while a negative eigenvalue indicates compression. The diagonalized
strain tensor provides an image of the strains experienced by the ele-
mentary triangle used for the calculation (Fig. 10).

4. Discussion: analysis of the landslide displacement pattern

During thefield campaign, 40 days of GPS observations are available,
during which some rainy events occurred between 2012/08/19 and
2012/09/05. This relatively restricted amount of observations is justified
by the initial purpose of the experiment which aimed at testing the per-
formance of theGeocube nodes infield conditions.Moreover, due to the
low number of available meteorological and soil water content sensors
connected to the Geocubes and their failure rate, the factors condition-
ing the landslide behavior were not recorded at a high spatial density.
ws depict the horizontal displacements; the yellow and blue arrows indicate the principal
ngulation used for the strain tensor calculation is indicated in dashedwhite. The gray lines
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Despite these limitations, the results of the experiment give new in-
sights on the Super-Sauze landslide behavior, and allow to document a
transient acceleration in a period of low ground water table level.

Fig. 10 presents the horizontal displacements and strains generated
by the landslidemovement and the interactionwith the bedrock geom-
etry (Travelletti and Malet, 2012). In the monitored area, the landslide
motion is channelized by two buried crests. The curvature of the chan-
nel at the top of the area induces compression of the sliding material
due to the presence of theWestern crest. Downslope, the motion is ori-
entated along the north–south direction (e.g., parallel to the buried
crests). At the lower part of themonitoring area, themotion decelerates
because of the presence of a buried crest nearly perpendicular to the
sliding direction (Gance et al., 2012) and compression is generated
(Geocubes nodes 1003 and 1015). This compression at the bottom in-
creases with the displacement rate during the period in regime 3 (08/
31–09/09). Simultaneously, as themotion decelerates at the top, exten-
sion increases in the middle part of the area generating cracking at the
surface (Stumpf et al., 2013). These tension cracks are easily visible on
the background orthophotograph of Fig. 10. The direction of the cracks
is orthogonal to the extension axis of the strain tensors. Such behavior
is consistent with the theory of plastic failure as sliding and yielding
lead to rapid accumulation of plastic strains and sometimes to large fail-
ure (Araiba and Suemine, 2007; Pudasaini, 2012). Further, dilatancy of
the material (e.g., succession of compression and extension sequences
in space and time according to pore pressure feedbacks) is monitored
by the Geocube nodes, allowing to document the complex hydro-
mechanical coupling controlling the landslide dynamics (Iverson et al.,
2000; Iverson, 2005).

Displacement and strain rates show temporal variations (Figs. 9;
11). In order to investigate the three flow regimes identified above
(Fig. 9), daily averaged displacement rates are calculated (Fig. 11) and
compared with the rainfall amount measured at Geocube node 1021
and to the groundwater table variations at piezometer PIEZ (Fig. 5).
Fig. 11.Motion of the Super-Sauze landslide during a periodof lowgroundwater table (2012/08
Bottom: Cumulative rain measured at Geocube node 1021 and ground water table level measu
Focusing on the five Geocube nodes distributed along the landslide,
the three sliding regimes are confirmed:first a periodwith a progressive
lowering of displacement rates for all nodes occurs until the day 08/20,
then the displacement rate is constant from day 08/21 to day 09/04, and
finally a period of increasing displacement rates starts on 09/04
(Fig. 10).

The first regime corresponds to the end of a long dry period (58 days
without any rain) during which the drop of displacement rate is ex-
plained by the drainage of the groundwater table.

The second regime corresponds to the start of a low amplitude reac-
tivation of the sliding for the Geocubes nodes 1027, 1015 and 1017,
while the Geocubes nodes 1013 and 1015 are still in a stationary
phase taking into account the measurement precision. The reactivation
is triggered by a moderate rainfall (25 mm in 4 days, from 08/20 to 08/
23) not sufficient to rise the groundwater table level at the location of
the piezometer PIEZ. After this transient phenomenon, a groundwater
table increase is observed at day 08/25. The pore water pressure rise
stops the drop of displacement rates, but is not large enough to acceler-
ate the sliding. The time lag between the sliding reactivation (08/22)
and the groundwater table rise (08/25) can be explained by the com-
plex hydrology of the landslide with different response of the slope to
rainfall according to the initial soil water content nearby the piezometer
PIEZ. A denser network of groundwater table measurements would be
necessary to understand such transient acceleration for instance by
adding piezometers at all Geocube nodes.

The third regime corresponds to an important acceleration of the
landslide triggered by a sequence of heavy rainfalls (55 mm in 3 days)
and a ground water table level rise (20 cm) from day 09/03 to day 09/
05. Such acceleration follows the pattern of sliding reactivation ob-
served at Super-Sauze landslide since the start of the long-term moni-
toring (Malet et al., 2002, 2005). The tiny difference of ground water
table levels between this regime of acceleration and the previous very
limited reactivation suggests that the pore water pressure threshold
/01–2012/09/09). Top:Daily average horizontal displacement rates forfiveGeocubenodes.
red at piezometer PIEZ.
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controlling acceleration was only weakly exceeded. The acceleration is
large for the faster nodes (up to +300% increase in displacement
rates) but its amplitude decreases upslope; the movement of the
nodes located at the top of the monitoring area (Geocube 1013) is not
increasing. The acceleration pattern of Geocube node 1025 is interesting
because this acceleration is more progressive than the other nodes. This
can be explained by the position of this node at the upper boundary of
an areamoistened by a spring located near Geocube node 1025 and vis-
ible in the field after heavy rainfall or during periods of snow-melt in
spring (Travelletti, 2012). This local water input in addition to rainfall
can explain the sliding reactivation downhill of Geocube node 1025
but not upslope.

5. Conclusion

The Geocube system allows monitoring landslide behavior at high
spatial density, high time resolution and with multiple sensors. Several
technical and instrumental characteristics of the Geocube system are
particularly interesting for landslide monitoring.

First, the receivers can be deployed relatively quickly where a pre-
cise deformation measurement is needed. This flexibility is possible
thanks to the low cost of the receivers and their easy deployment (wire-
less system, low power consumption supplied by small solar panels).
The dense spatial sampling of the deformation allows recording the spa-
tial heterogeneity of the displacement field and obtaining advanced in-
formation such as variations in strain rates.

Second, the temporal frequency (30 s positioning sampling rate) al-
lows recording dynamic and transient responses of the slope to the forc-
ing. The high time resolution observations are only useful if the accuracy
of the positioning is high.With the Geocube system, the high accuracy is
obtained because of the short baselines between the receivers. Thus
Geocube dense networks are limited to the monitoring of small areas
(baselines b 5 km). For such networks, a sub-centimeter level accuracy
is reached even under difficult field conditions and for an epoch-by-
epoch processing.

The performances of the Geocube system were successfully tested
during a field experiment at the Super-Sauze landslide. The displace-
ment measurements were used to investigate an end-of-summer slid-
ing reactivation. The spatial heterogeneity of the acceleration are
highlighted for the first time. Although the results show the potential
of the Geocubes, further data acquisitions are requested to fully investi-
gate the landslide dynamics. The setting up of a permanent Geocube
network at the Super-Sauze landslide is currently considered.
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