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Abstract In this paper, we present a state-of-the-art wireless
sensor network (WSN) of deep-earth probes (DEPs) that has been
deployed to monitor an active landslide in the Western Ghats
mountain range of South India. While India has one of the
highest incidences of landslides and landslide-induced fatalities—
primarily in the Himalayas of North India and in the Western
Ghats of Central and South India—our study is perhaps the ﬁrst
comprehensive attempt to instrumentally detect landslides in the
Western Ghats. Wireless networks have enabled us, since June
2009, to continuously monitor the deployment site in real time
and from anywhere around the globe. There have been a few
earlier landslide monitoring WSNs using accelerometers in Emilia
Romagna Apennines, Italy; global navigation satellite system
(GNSS) sensors to monitor the Hornbergl landslide, Austria; and
vibrating wire stress sensors to monitor a slope in China. We
improved upon these WSN systems by incorporating a variety of
sensors—piezometers, dielectric moisture sensors, strain gauges,
tiltmeters, a geophone, and a weather station—and installing
some of these sensors as deep as 20 m below the ground surface.
We present the salient aspects of the ﬁeld deployment of DEPs:
the selection of sensors and their incorporation in DEPs, the
methodology we used in embedding these DEPs into the soil, and
a few of the key aspects of the wireless sensor network. We also
present a description of the deployment site and some of the
results of geotechnical investigations carried out on borehole
corings. Finally, we present the more interesting ﬁeld data
collected from the monitoring system during a rainy season in
July and August 2009.
Keywords Landslides . Wireless sensor networks (WSNs) .
Deep-earth probes (DEPs) . Western Ghats of India . Field
instrumentation . Disaster monitoring
Introduction
Landslides pose a serious hazard in many regions of the world
(Nadim et al. 2006). Recent literature refers to several locations of
landslide hazard-monitoring systems such as the Canelles Reservoir, Spain (Pinyol et al. 2011); the Slano Blato landslide and the
Rebrnice landslide, both in Slovenia (Petkovšek et al. 2011); NW
Bohemia (Vařilová et al. 2011); the Ǻknes rockslide, Norway
(Grøneng et al. 2011); the Basilicata Region, Italy (Di Maio and
Vassallo 2011); the Jiweishan Hill area, Chongqing, China (Yin et
al. 2011); and Turtle Mountain, Canada (Read et al. 2005). Some of
these monitoring systems have wireless data transmission, but
none of them are wireless sensor network (WSN) based. In
contrast, in this paper, we present an enhanced landslide
monitoring system based on a wireless sensor network.
Wireless sensor networks, consisting of sensor nodes that are
capable of data acquisition, data storage, data processing, and
wireless data transmission, are rapidly emerging as valuable tools
for monitoring environmental phenomena and are particularly
suited for landslide monitoring. The sensor nodes are also capable

of communicating with other nodes in the network and making
decisions on the basis of these communications. Thus, a WSN
provides a relatively inexpensive and reliable method to collect
data on rainfall, soil pore water pressure, moisture content, and
soil movement. The collected data can be subjected in real time to
simple processing operations such as data aggregation, data
reduction, distributed analysis, and consensus within the network
itself. The processed data can then be transmitted rapidly over
long distances and inhospitable terrains. Data processing reduces
the amount of transmitted data and thereby reduces the power
consumption of the network and increases the lifetime of the
network. Furthermore, in a WSN, the data collection rate can be
altered remotely or by the network taking suitable decisions itself.
Thus, in a landslide monitoring WSN, data collection and
transmission can be minimized during dry seasons, while all
relevant sensor data can be captured and transmitted during
periods of heavy rainfall. WSNs also have other attractive features
such as self-organizing and self-healing capabilities, high fault
tolerance, and easy integration with web-based technologies.
There are some studies on the use of WSNs for landslide
monitoring. Sheth et al. (2005, 2007), the authors of SENSLIDE,
proposed a WSN of strain gauges deployed at low depths (25–
30 cm) and implemented this design on a laboratory test bed.
Terzis et al. (2006) proposed the use of a grid of sensor columns
to detect the formation of a slip surface that precedes a landslide
occurrence. They tested their ideas using computer simulations.
Jamaludin et al. (2006) proposed a WSN of soil temperature and
slope inclination sensors to monitor slope stability. Garich (2007)
designed a wireless sensor node incorporating a soil moisture and
tilt sensor. Kim (2008) developed a wireless sensor node to
measure the inclination angle and acceleration of a hill slope. The
nodes were tested on a small slope equipped with an artiﬁcial
rainfall simulator. It was found that these sensor nodes can detect
ground motion once the slope begins to move. Other comprehensive studies on the use of WSNs for landslide detection
include SLEWS (Arnhardt et al. 2007, 2009, 2010; FernándezSteeger et al. 2009) and the work of Lee (2009). In addition, Fang
et al. (2008), Hloupis et al. (2010), and Tang and Dai (2010)
discussed the application of wireless sensor technology to landslide detection.
To our knowledge, there are only three published accounts
describing the actual implementation of a WSN-based landslide
monitoring system. Rosi et al. (2007) described a ﬁeld deployment
of accelerometers in Emilia Romagna Apennines, Italy. Glabsch et
al. (2009) deployed a WSN to monitor the Hornbergl landslide,
Austria. Their network consists of two sensor nodes, each
equipped with a global navigation satellite system (GNSS) sensor.
Xinjian et al. (2010) deployed a network of vibrating wire stress
sensors to monitor bolt stress on a slope in China. Finally, internet
searches reveal that there may be WSN-based ﬁeld deployments of
soil moisture sensors, rain gauges, and inclinometers in Malaysia
(Universiti Putra Malaysia) and of movement sensors in Idaho,
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457

Original Paper
USA (by a team at the Southwest Research Institute, San
Antonio, Texas).
In this project, which was initiated in September 2006
(Ramesh et al. 2007; Ramesh 2009), we deployed a wireless
sensor network of 20 deep-earth probes (DEPs) to monitor a
landslide in South India. Each deep-earth probe consists of a
variety of sensors—piezometers, strain gauges, tiltmeters,
dielectric moisture sensors, and geophones—and some of these
sensors were installed as deep as 20 m below the ground
surface. The sensors were interfaced to motes (miniature data
processing and wireless transmission devices) to form wireless
sensor nodes. Data collected by the sensor nodes are transmitted through a heterogeneous network (described in this
paper) to our university campus over an aerial distance of
130 km, and the received data are then streamed live to the
internet. The use of a heterogeneous network enables us to
transmit data over long distances. The long distance transmission and subsequent real-time streaming of sensor data are
some of the attractions of this system—it is these features that
enable us to monitor a remote site in real time from anywhere
in the world and to issue timely warnings as needed.
In addition to the successful implementation of a WSN for
landslide monitoring, this study has other features of interest.
We followed some of the newer methods in the deployment of
piezometers and soil-strain probes. We deployed nests of ﬁve
to eight removable piezometers in fully grouted boreholes as
suggested in more recent literature (Contreras et al. 2008;
Mikkelsen and Green 2003; McKenna 1995). Furthermore, we
designed soil-strain probes as described by Ochiai et al. (2004).

Similar probes were used by Williams (1957), Barr and
Swanston (1970), Yamada and Kurashige (1996), and many
others. However, in the literature, strain gauges are afﬁxed on
casings (or strips) that vary in length from 50 cm–2 m. Our
casings vary in length from 10–21 m, and the strain gauges can
measure movement as deep as 20 m. We have been collecting
sensor data from the ﬁeld deployment since March 2008. Some
sensor data (particularly sensor data from strain gauges
deployed at depths of 10.75 m) show interesting variations
during periods of heavy rainfall as shown in this paper.
Landslides in India occur primarily in the Himalayan
mountain ranges (Tahir and Ha 2011; Sattar et al. 2011) and in
the Western Ghats mountain ranges (Kuriakose et al. 2009).
Despite the fact that India has one of the highest incidences of
landslides and landslide-induced fatalities (Kirschbaum et al.
2010), there are only a few studies on landslide instrumentation in the Western Ghats (e.g., Kuriakose et al. 2008). This is
perhaps the ﬁrst comprehensive study on ﬁeld instrumentation
in the landslide-prone Western Ghats.
The deployment site—Anthoniar Colony, Munnar
The deployment site—Anthoniar Colony hill (Fig. 1)—is located
on a 7-acre area, approximately 700 m northwest of the tourist
town Munnar in the Idduki District of Kerala State, South India
(Fig. 2). Munnar lies on the landslide-prone Western Ghats
mountain range (Fig. 3), and the region in and around Munnar
varies in height from 2,000–2,600 m above sea level. The
temperature ranges from 10–25°C; occasionally in the month of
January, it drops as low as 0°C. The region typically receives

Scarp of
2005
landslide

Anthoniar Colony

Fig. 1 Deployment site—Anthoniar Colony, Munnar, Kerala, South India. L1, L2… refer to the locations of the deep-earth probes (DEPs), and RG refers to the location
of the rain gauge. The gateway of the wireless sensor network (WSN) is also indicated
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Fig. 2 Kerala State in southwest India.
Munnar town in Kerala. The
deployment site—Anthoniar Colony—
is 700 m northwest of Munnar. Sensor
data are transmitted from Anthoniar
Colony to the university campus over
an aerial distance of 130 km

3,500–5,500 mm rainfall every year. The main monsoon season
lasts from June to September and usually results in 2,500–
4,500 mm of rain. These monsoons are caused by moisture-laden
winds from the Indian Ocean and are known as the southwest
monsoons. The southwest monsoons are almost immediately
followed by the northeast monsoons in October and November,
which result in approximately 500 mm of rain. Maximum rainfall
typically occurs in July.
The soil at the deployment site is basically lateritic soil
overlying bedrock of granite gneiss. The predominant clay
mineral is kaolinite. The soil cover extends to a depth of 15–
18 m at the toe of the hill, while it is over 30 m deep in the
higher regions of the hill. Soil samples extracted from a
borehole drilled at the toe of the hill were subjected to

various geotechnical tests, performed in accordance with the
Indian standard. Some of the test results are summarized in
Table 1.
Anthoniar Colony was chosen as the deployment site on
the basis of many considerations:
1. Several rainfall-induced landslides have occurred in the
vicinity of this location.
2. Two earlier rainfall-triggered landslides occurred at this exact
location. The ﬁrst one occurred in 1926. It was a massive landslide
withanestimatedvolumeof105 m3.Debrisfrom thelandslidecovered
a considerable portion of the present-day Munnar town.However, no
one was living in this region at that time, and there were no causalities.
Laborers would come daily to work in tea plantations around this

Fig. 3 The Western Ghats mountain
range along the western coast of India
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Table 1 Summary of geotechnical properties of lateritic soil samples from the
deployment site

Property

Value

Clay size fraction (particle size <2 μm)

Average for all tested
samples, 15%

Plasticity index

Average for all tested
samples, 23

Specific gravity

∼2.57

Bulk density

Average for all tested
samples, 19.2 kN/m3

Natural moisture content of saturated
sample

Average for all tested
samples, 22%

Permeability of saturated sample

10−5−10−6 cm/s

Cohesion of saturated sample (as
measured in consolidated–drained
direct shear tests)

10−1 kg/cm2

Angle of internal friction of saturated
sample (as measured in consolidated–
drained direct shear tests)

Approximate range of
values, 27–35°

region, and they photographed the slide after its occurrence. The
scarp of this slide is visible even today although it is covered with
vegetation. The scarp has a concave curvature. The second
landslide occurred on 26 July 2005. It was a complex
rotational slide–debris ﬂow with a volume of approximately 104 m3 and was triggered by a torrential downpour. The total rainfall recorded in Munnar on 26 July
2005 was 451 mm. The same downpour also triggered two
other landslides in the vicinity of Munnar—one at the
Government Arts and Science College, 1.4 km southeast of Munnar
and the other at the Subrahmaniam Temple on the outskirts of
Munnar town. The landslides resulted in eight deaths.
3. We feel that there is a strong likelihood of further landslides at
this location for many reasons which include the following:
(a) The toe of the hill was cut during the construction of
homes and roads.
(b) There are ﬁssures along the hill.
(c) The soil at the toe of the hill remains almost fully
saturated (degree of saturation S >87%) for most of the
year—the soil is moist, and constant seepage ﬂow is
observed even during the dry season.
(d) The soil in this region has an apparent cohesion when it
is partially saturated. However, rainwater inﬁltration
results in a loss of this apparent cohesion and adversely
affects slope stability.
(e) There are large deposits of quartz on the surface layer of
the soil which allow water to inﬁltrate and saturate the
subsurface soil layers.
(f) There are deposits of red expansive clay (activity 2.19) in
regions of the hill. The expansive action of these clays
can potentially destabilize the hill and cause a landslide.
4. Landslides that occur could be massive because the soil
thickness is more than 20 m.
5. Landslide activity could be fatal because there are people
living at the foot of the hill.
460
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6. From a data transmission perspective, the cellular network
and broadband connectivity are good. In the event of no
satellite connectivity, these networks can serve as an alternative for data transmission.
7. Finally, the site is accessible by road, and equipment can be
transported to the site with comparative ease.
We identiﬁed six locations on the site as ideal for the
deployment of ﬁeld instrumentation. We labeled them as L1, L2,
L3, L4, L5, and L6 (Figs. 1 and 4). We brieﬂy describe these
locations and also provide rough estimates of the water table
depths at these locations (Table 2). These water table depths were
measured during the months of January–March, when there is
very little rainfall.
L1: a location near the toe of the 2005 landslide
There is substantial pore water pressure underneath
the ground at this location.
Constant seepage ﬂow is observed at this location.
A considerable amount of debris from the 2005 landslide
was deposited at this location. The landslide actually
resulted in four fatalities very close to this location.
L2: another location in the lower regions of the hill
There is substantial pore water pressure underneath the
ground at this location also.
Constant seepage ﬂow is observed near this location.
L3, L5: locations in the middle region of the hill
Creep movements are evident at these locations.
L4: a location near the crown of the hill
Creep movements are evident at this location.
L6: a relatively stable location in the upper regions of the hill.
Sensors deployed at L6 can be used to compare the responses
of sensors in unstable positions with those of sensors in
relatively stable positions. Also, we anticipate that the
deployment at L6 will give insight as to the distance from
which sensors can detect landslide-associated phenomena.

&
&
&
&
&
&
&

Deep-earth probes were installed at all six locations. The
installation was completed in two phases—a pilot deployment of 3
DEPs in March 2008 followed by a full-scale deployment of 17 DEPs
(6 January 2009–10 March 2009).
Deployment of deep-earth probes
Wireless deep-earth probe
The concept of a wireless deep-earth probe has its origin in
the work of Terzis et al. (2006). In this paper, we use the
term “deep-earth probe” (DEP) to refer to a combination of
sensors or probes that are embedded as a single unit in a
hole drilled into the earth’s surface. DEPs contain sensors that
are appropriate for landslide monitoring, such as piezometers,
tensiometers, inclinometers, etc. As in any landslide-monitor-

Fig. 4 Contour map of the deployment site. The grid intervals are 10 m×10 m, and the b
contour intervals are 1 m. L1, L2… refer to the deep-earth probe locations. L1 lies near the
toe of the 2005 landslide; L4 lies near the crown of the hill; and L5 lies just above the main
scarp of the 2005 landslide. A few of the relay nodes (R), the gateway, and the Field
Management Center (FMC) of the wireless sensor network are also indicated on the map
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SLOPE
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Table 2 Water table depths at locations L1–L6

Location

Dry season water table depth (m)

L1

2.1

L2

3.4

L3

15.0

L4

16.5

L5

12.8

L6

15.8

ing scenario, the choice of sensors (number, type, and
placement) depends on the local geology and the subsurface
conditions at the position of the DEP. As a result, each DEP is
unique in its design.
All the sensors in the DEP are interfaced to a miniature
data processing and wireless transmission device, referred to as a
“mote” in wireless sensor node terminology, via a data acquisition
(DAQ) board to form a wireless deep-earth probe. Thus, a wireless
deep-earth probe can collect sensor data, process it, and
then transmit it wirelessly. Wireless DEPs can also communicate with
other wireless DEPs in the network and make decisions based on these
communications. A schematic representation of a wireless DEP is
shown in Fig. 5; an actual DEP may consist of different sensors than
those shown in the ﬁgure.
Selection of sensors
WSNs call for low-cost sensors that easily can be deployed en masse
over a wide area. So, we explored the use of inexpensive and easy-todeploy instrumentation such as dielectric moisture sensors, strain
gauges, and tiltmeters (in lieu of costlier inclinometers). Anthoniar
Colony is prone to rainfall-induced landslides, so piezometers were
included in the DEPs at all six locations. The DEPs in the Anthoniar
Colony pilot and full-scale deployments include the following:

Geophone

DAQ board +
mote

Piezometers
Strain gauge-based piezometers were chosen as they can be
interfaced more easily with the wireless network than vibrating wire
piezometers. Moreover, current-based (rather than voltage-based)
4–20 mA output piezometers were selected to avoid errors due to
wire length. Also, while the piezometers of the pilot deployment are
permanently installed, removable piezometers were chosen during
the full-scale deployment. Thus, most of the piezometers can be
easily removed for periodic recalibration, troubleshooting, or
replacement as needed.
Dielectric moisture sensors (DMSs)
DMSs were installed to measure the volumetric water content of the
soil. Soil moisture content is closely related to groundwater
inﬁltration and the subsequent changes in soil pore water pressure.
Related quantities such as wetness index are widely used in slope
stability analysis (Rosso et al. 2006; Acharya et al. 2006; De
Vleeschauwer and De Smedt 2002; Van Westen and Terlien 1996;
Montgomery and Dietrich 1994). Predictably, moisture sensors are
used in both landslide laboratory experiments (Huang et al. 2008;
Tohari et al. 2007; Orense et al. 2004; Shimoma et al. 2002) and in
ﬁeld deployments (Matsushi and Matsukura 2007; Ray and Jacobs
2007; Baum et al. 2005).
We included dielectric moisture sensors (Fig. 6) in many of the
DEPs to explore their potential as inexpensive landslide-monitoring
devices. Our intention was to obtain data on the degree of saturation of
the soil from these sensors and establish a quantitative relationship
between DMS readings and rainwater inﬁltration rate, which is an
important parameter in models of rainfall-triggered landslides (e.g.,
Iverson 2000).
Strain gauges
Strain gauges were included in the DEPs to detect slope movement. Strain gauges were afﬁxed to the outer surface of 3-m long
ABS plastic inclinometer casings (as shown in Figs. 7 and 8), and
several inclinometer casings were connected to one another to
form one long casing (Fig. 9). We deployed only one such casing
during the pilot deployment, and it was 6 m long (Fig. 9) with 5 m
below the ground surface. We deployed six more casings during
the full-scale deployment, and they varied in length with 10–21 m
of casing below the ground surface. The strain gauges, themselves,
were oriented along the vertical axis of these casings, and they
indicate any bending of the casing caused by ground movements
(Fig. 7a). The actual positions of the strain gauges on the casing
were determined on the basis of the soil proﬁle, observed creep
movements, and the likelihood of future creep movements at that

Dielectric
moisture sensor
Strain gauge

Piezometer

Fig. 5 Schematic diagram of a wireless DEP
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Fig. 6 Dielectric moisture sensor (DMS) to measure the volumetric water content
of the soil. The probes are inserted completely into the soil

x

120°
120°

90°

y

Inclinometer casing
Strain gauge
3m

x
x

(a)

(b)

y

y

(c)

Fig. 7 a Detection of slope movement using strain gauges. b, c As explained in the paper, strain gauges have been installed to detect movement in one of four
possible directions: x, y, α, and β. The y-direction is 90° from the x-direction, either in the anti-clockwise direction as shown in the figures or in the clockwise direction.
In c, we show an inclinometer casing, while in b, the same cylindrical inclinometer casing is mapped onto a rectangle. Explaining the notation used in this paper, if we
assume that b depicts strain gauges deployed at depths of 10, 10.75, and 11.5 m, we would write 10 m(x), 10 m(y), 10.75 m(α), 10.75 m(x), 10.75 m(β), 11.5 m(x),
and 11.5 m(y)

particular DEP location. The strain gauges were installed to detect
movement in four possible directions (Fig. 7b, c):
(a) In the down-slope x-direction (the direction along which
the slope is most likely to fail);
(b) The y-direction, which is perpendicular to the x-direction,
either in the clockwise direction or in the anti-clockwise
direction, in whichever of the two directions the slope is
more likely to fail;
(c) The α-direction which is 120º from the x-direction in the
clockwise direction (when viewed from the top of the
casing); and
(d) The β-direction which is 120º from the x-direction in the anticlockwise direction (when viewed from the top of the casing).
Laboratory tests are being conducted to correlate slope movements and the corresponding bending of the casing with strain gauge
readings.
The resistances of the wires connecting the strain gauges to the
interfacing circuitry (DAQ board) are fairly independent of temper-

ature. These wires were run inside heat shrink tubing for added
protection. The strain gauges were sealed with silicon and then
covered with mastic tape, and all joints and holes in the casing were
sealed with mastic tape and two-part epoxy. Caps were ﬁtted on the
top and bottom of the casing, and the unit was installed in a
borehole using the fully grouted method.
An obvious advantage of strain gauges is that they are
very inexpensive compared to inclinometers, which are more
routinely used to detect landslide related earth movements.
Tiltmeters
As mentioned earlier, we explored the use of inexpensive instruments. Consequently, in-house designed tiltmeters (in lieu of more
expensive commercially available inclinometers) were inserted
permanently into the inclinometer casing (Fig. 9) of the pilot
deployment. Each tiltmeter measured tilt along the positive and
negative axes of both the down-slope x-direction and the y-direction
(perpendicular to the x-direction). In addition to monitoring the tilt,
we intended to use these tiltmeters to calibrate the strain gauges on

Top
Strain gauge

Fig. 8 Strain gauges fixed on an inclinometer casing

Fig. 9 Strain gauges on an inclinometer casing—ready for installation
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Table 3 Pilot deployment (March 2008) of three DEPs

DEP #

Location

Drilling method

Sensor installation

1

L1

Auger

Piezometer installed at a depth of 2.0 m using the traditional sand pack and bentonite seal method
Geophone; installation described in this paper

2

L1

Auger

Piezometer installed at a depth of 5.0 m using the traditional sand pack and bentonite seal method

3

L5

Auger

Strain gauges at depths of 1.5 m(x), 2.5 m(x), and 4.0 m(x); installation described in this paper

DMS pushed into the bottom of a 65-cm hole, which was repacked with earth
Tiltmeters at depths of 1.0, 2.0, and 3.5 m; inserted into the inclinometer casing
DMS pushed into the bottom of a 30-cm hole, which was repacked with earth
DEP deep-earth probe, DMS dielectric moisture sensor

the inclinometer casing. However, the tiltmeters stopped working
approximately a month after their installation, presumably due to
the intrusion of water into their electronic circuitry. Since the
tiltmeters were permanently installed, we were not able to troubleshoot them.
We redesigned the tiltmeters and deployed them on 25
June 2011. The new tiltmeters have improved water prooﬁng
and are removable.
Geophone
A geophone was included in a DEP at L1 during the pilot deployment.
As in a typical geophone installation for a site response study, a 60×
30×30 cm3 concrete pad was made with 30 cm extending below the
ground, and the geophone was pushed into the wet concrete.
These sensors (piezometers, DMSs, strain gauges, tiltmeters,
and geophone) were included in the deep-earth probes.
Weather station
In addition to the wireless DEPs, a weather station was connected to
the wireless network. The weather station was installed near L5, in
the middle region of the hill (Fig. 1), and it can measure rain
intensity, humidity, temperature, pressure, wind speed, and wind
direction. The weather station uses a tipping bucket rain gauge to
measure rainfall.
Pilot deployment
In a pilot deployment that was completed in March 2008, two
DEPs were installed at L1, while a third DEP was installed at L5.
Table 3 summarizes some aspects of the pilot deployment
(Ramesh 2009).
Full-scale deployment
In the full-scale deployment (6 January 2009–10 March 2009), we
installed 17 additional DEPs at far greater depths than in the pilot
deployment. Each DEP contained many more sensors as well. We
also introduced some changes in the drilling and installation
procedures.
For instance, rather than installing piezometers during the
deployment, we installed piezometer ﬁlter tips, also referred to as
“ﬁlter tips” or simply “tips” (Fig. 10), which allow removable
strain gauge piezometers (Fig. 11) or vibrating wire piezometers to
be inserted whenever desired. Removable piezometers offer some
distinct advantages over typical permanently installed piezom464
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eters. Removable piezometers can be easily installed in the ﬁlter tips,
months after the installation of the tips. In the case of a sensor
failure, the piezometers can be removed for troubleshooting or
replacement. They can also be removed for periodic recalibration.
The piezometer ﬁlter tip is a ﬁlter unit made of a porous material
that allows water to pass through it. The ﬁlter tip has a threaded end to
which a PVC pipe can be attached. The ﬁlter tip (and the desired
length of PVC pipe) can be inserted into a DEP borehole, and a
removable piezometer can be inserted into the ﬁlter tip through the
PVC pipe at a later time. The piezometer has an o-ring and heavy
weights attached to it that seal the piezometer to the ﬁlter tip.
We deployed a total of 42 piezometer ﬁlter tips which were
arranged in nests of 3–8 tips in 8 of the 17 DEP boreholes. The tips were
installed at different depths. We placed tips both above and below the
estimated dry season water table depths (Table 2) to measure both
negative and positive pore pressures. In addition, we placed at least
one ﬁlter tip in most of the identiﬁed soil layers. Two DEPs containing
nested tips were installed at both L1 and L2 (as explained later), and
one DEP of nested tips was installed at each of the other four locations.
We inserted piezometers into six tips between June and
August 2009 and into another six in June 2010. Once all the
piezometers are inserted into their corresponding tips, we intend
Fig. 10 Piezometer filter tip

Fig. 11 Removable strain gauge
piezometer

8 nested
piezometer
tubes,
capped f or
protection

DMS
wires
DMS pit

to study the variation of pore pressure with depth and with
changes in soil strata.
All the nested ﬁlter tips were installed in fully grouted
boreholes (Contreras et al. 2008; Mikkelsen and Green 2003;
McKenna 1995), without using a sand pack and bentonite seal. We
have performed laboratory tests comparing the performance of
piezometers installed in the traditional sand pack and bentonite
seal method with piezometers installed via the fully grouted
method. Based on our experiences with the pilot deployment, the
full-scale deployment, and the laboratory tests, we believe that
both methods give comparable results, but the fully grouted
method is faster, easier to install, and more fail proof.
Regarding the strain gauges, we were satisﬁed with the
installation procedures during the pilot deployment and adopted
the same installation procedures during the full-scale deployment. However, in contrast to the 5–6-m long casing installed
during the pilot, during the full-scale deployment, we installed
casings ranging in length from 10–21 m in separate DEPs at each
of the six locations.
We inserted dielectric moisture sensors into the walls of
boreholes containing either piezometer ﬁlter tips or the inclinometer
casing. As the probes had to be pushed completely into the soil, it
was not realistic to install them at depths greater than approximately 0.7 m in a 15–18-cm diameter borehole. Huge pits (2 m
deep, 0.5 m wide, and 2 m long) were dug at L3, L4, and L6, and
DMSs were inserted into the walls of these pits. A portion of the
pit (away from the wall where the DMSs had been inserted) was
reﬁlled with earth, and the earth was compressed thoroughly. The
portion of the pit near the DMSs was fully grouted with the grout
used for the piezometer installation. A partially grouted DMS pit
is visible in Fig. 12.
Figures 12, 13, and 14 depict DEPs at L6, L4, and L3
respectively at different stages of the full-scale installation
process. We have also included an abridged bore log of L4
(Table 4), along with a drawing depicting the sensors at L4 after
the complete installation (Fig. 15).
During the pilot deployment, we used an auger to drill holes
for the installation of DEPs. However, we wanted to obtain
undisturbed soil samples while drilling. Hence, during the full-

Fig. 12 L6 during the deployment of sensors

scale deployment, we used a diesel-powered rotary drilling
machine (Fig. 16), and boreholes were drilled using the mud
circulation technique. Furthermore, the use of a drilling machine
enabled us to drill 21-m deep boreholes. As an added beneﬁt, we
could later use the drill pump to achieve the high-shear mixing
required for the preparation of grout and to pump the grout into
the boreholes.
With the drilling machine, it was possible to drill a hole large
enough to contain all the required sensors; however, at least two
boreholes (each approximately 15 cm in diameter) were drilled at
each of the six locations for the following reasons:
1. From the ﬁrst borehole, two 25.4-cm tubes of undisturbed soil
samples were extracted for every meter drilled. The presence

Inclinometer
casing

DMS pit

6 nested
piezometer
tubes

Fig. 13 L4, above the ground, during the deployment of sensors
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Fig. 14 L3 after the deployment of the sensors and the wireless sensor network.
Refer to Fig. 15 for additional components

of a second borehole facilitated the standard penetration test
and the extraction of a third tube of soil for each meter drilled.
2. With two closely located boreholes, it was possible to perform ﬁeld
permeability tests such as pumping-in and pumping-out tests.
3. The time involved in drilling a single larger hole was
estimated to be nearly the same as the time involved in
drilling two holes of smaller diameters.
Slurry of bentonite and mud was used as the drilling ﬂuid. The
boreholes were uncased due to the concern that the removal of such
a casing at the end of the drilling operation could potentially cause
the borehole to collapse. The casing had to be removed in order that
the sensors can record geophysical data.
As shown in Table 5, boreholes containing piezometer ﬁlter tips
were drilled deeper than the maximum water table depths at their
locations. Boreholes containing the inclinometer casing were drilled
signiﬁcantly deeper than any observed plane of weakness. For
instance, we observed a quartz sericite band at a depth of 12–13 m at
L3. We planned to have all boreholes at a particular DEP location to
be of similar depths to enable us to compare responses of different
sensors installed at a comparable depth. At L1 and L2 (in the toe
regions of the hill), weathered rock was encountered at a depth of

approximately 15 m. However, due to the increased pore water
pressure at L1 and L2, there was an increased probability of the
boreholes collapsing (both during the drilling of the boreholes and
during the installation of the DEPs). Consequently, it was decided to
drill shallower holes at L1 and L2.
Unforeseen circumstances led to drilling several boreholes at L1
and L2. At L1, there is considerable pore water pressure underneath
the ground surface. One of the boreholes did collapse during the
installation of piezometer ﬁlter tips due to this water pressure. The
result was only a 3-m deep hole. A second borehole was then drilled a
few meters away from the ﬁrst borehole. Piezometer ﬁlter tips were
installed in both boreholes. The inclinometer casing with strain
gauges was installed in a third borehole at L1.
While drilling the second borehole at L2 (near the residential
colony at the base of the hill), a concrete structure was encountered
approximately 6 m below the ground surface. Drilling had to be
terminated and a new borehole was drilled a few meters away.
Piezometer ﬁlter tips were installed in two boreholes, and the
inclinometer casing was installed in the third borehole.
To make the grout mix used for the boreholes and pits, cement
was added to a barrel of water in a ﬁxed water:cement ratio of 2.6:1 kg
(Mikkelsen and Green 2003; Contreras et al. 2008; McKenna 1995).
Bentonite was added till a thick creamy mix of pancake batter
consistency was obtained. The amount of bentonite required for the
correct consistency varied each time the grout was made. The initial
setting time of the grout mix also varied dramatically on each
occasion that the grout was prepared. This variance may be due to
either differences in the brand of cement or bentonite being used
(the same brands of cement and bentonite were not always available
at the deployment site) or differences in the weather (afternoons
were extremely hot, while it was chilly in the evenings). To ensure the
best results, a small quantity of test grout was always prepared
immediately before the preparation of the larger quantity needed for
the installation.
The drill rig pump of the drilling machine was utilized to pump
grout into tremie pipes ﬁtted in the boreholes. During the
installation of the nested piezometer ﬁlter tips, special care was
taken to ensure that all the tips were in contact with the surrounding
grout and not enclosed by other ﬁlter tip tubes.

Wireless sensor network
The sensors were interfaced to a data acquisition board through
signal conditioning circuitry (Ramesh 2009), and, in turn, the
DAQ board connects the sensors to a mote to form a wireless
sensor node. The signal conditioning circuitries, DAQ boards, and

Table 4 An excerpt from the bore log of L4

Depth where soil layer begins (m)

Layer thickness (m)

Description of soil

0

0.4

Gravel

0.4

1.2

Silty lateritic clay with sand and pebbles

1.6

7.1

Lateritic silt (red and yellow soil grains present)

8.7

5.5

Lateritic clay with sand and silt (yellow, red, and white soil grains)

14.2

2.7

Silt and weathered rock (brown, red, yellow, and white soil grains)

16.9

–

Silty lateritic clay with sand (white and red soil grains)

Borehole drilling terminated at a depth of 21.0 m
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Fig. 15 L4, beneath the ground, after
the complete deployment. The signal
conditioning circuitry interfaces the
sensors to a mote via a DAQ board.
The power supply circuitry converts the
power supplied by the batteries for use
in the other circuits. Additional details
are provided in the paper

Solar panel
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+ solar
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meters

DMS pit
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filter tip
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Fig. 16 Drilling machine at L3

motes are all powered by lead acid batteries that store energy
generated by a solar panel (Figs. 13 and 15). A solar charge
controller charges the lead acid batteries and also protects the
batteries from overcharging, while power supply circuitry converts the voltages from the batteries for use in the various circuits.
We also installed external antennas (Fig. 13) to extend the
communication range of the wireless sensor nodes.
Data collected by the sensor nodes are transmitted through
a network of relay nodes to the gateway using the Institute of
Electrical and Electronics Engineers (IEEE) 802.15.4/Zigbee

standard (Figs. 1 and 4). The gateway is a link between two
different networks and has data storage, data processing, and
data transmission capabilities. In our case, the gateway is a link
between the 802.15.4 network and a WiFi (802.11g) network. The
data are transmitted from the gateway to a Field Management
Center or FMC, a few hundred meters away, using WiFi (Fig. 4).
There is a satellite link at the FMC, and data are transmitted
from the FMC to the university campus, over an aerial distance
of 130 km, through the satellite network (VSAT). In the event of
no satellite connectivity, the cellular network or a broadband
connection serves as an alternative means for data transmission.
The use of a heterogeneous network (IEEE standard 802.15.4,
WiFi, and VSAT) enables us to transmit data over long distances
and monitor a remote site.
Although many sensors were installed at the deployment site
during the full-scale deployment (January–March 2009), by the end
of August 2009, only 49 sensors were connected to the wireless
sensor network. Eight sensors were connected at each of the six
DEP locations plus the weather station that was connected directly
to the satellite network (Table 6). Ongoing work includes interfacing all (∼150) deployed sensors to the corresponding motes. Data
are currently being sampled every 30 s. This sampling rate can be
dynamically altered; the maximum sampling rate is 20 data samples
per second. Data received at the university campus are streamed
live to the internet and can be viewed online through a passwordprotected website at www.winsoc.org.
Results and discussion
We have been collecting sensor data intermittently from the pilot
deployment since March 2008 and continuously since the full-scale
deployment began operation in June 2009. Sensor data are streamed

Table 5 Full-scale deployment (6 January 2009–10 March 2009) of 17 DEPs

DEP #

Location

Sensor installation

Depth of borehole/pit (m)

Water table depth (m) (from Table 2)

1

L1

Piezometers, DMSs

3.1

2.1

2

L1

Piezometers

15.7

2.1

3

L1

Strain gauges on inclinometer casing

10.0

4

L2

Piezometers, DMSs

6.3

3.4

5

L2

Piezometers

10.0

3.4

6

L2

Strain gauges on inclinometer casing, DMSs

13.5

7

L3

DMS pit

1.0

8

L3

Piezometers

16.0

9

L3

Strain gauges on inclinometer casing

21.0

10

L4

DMS pit

2.0

11

L4

Piezometers

21.0

12

L4

Strain gauges on inclinometer casing

17.0

13

L5

Piezometers, DMSs

21.0

14

L5

Strain gauges on inclinometer casing

20.5

15

L6

DMS pit

2.0

16

L6

Piezometers

20.0

17

L6

Strain gauges on inclinometer casing

21.5

DEP deep-earth probe, DMS dielectric moisture sensor
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15.0

16.5
12.8

15.8

Table 6 Sensors initially connected to the WSN

Location

L1

Piezometer
depth (m)

5.6

Moisture
sensor
depth (m)
1
2

Strain gauge depth (m)
1

2

3

4

0.8

1.5 x

4.0 x

4.0 α

7.0 x

3.1

Geophone
depth
5

Rain
gauge
height

6
5 cm

L2

7.0

1.4

3.0 x

3.0 y

6.0 x

6.0 y

9.0 x

9.0 y

L3

15.6

1.0

7.5 x

7.5 y

10.5 x

10.5 y

16.5 x

19.5 x

L4

17.7

2.0

3.5 x

3.5 y

6.5 x

9.5 x

11.5 x

11.5 y

L5

14.0

0.6

4.25 x

4.25 y

10.75 x

10.75 α

10.75 β

15.0 x

L6

14.3

2.0

2.0 x

2.0 y

5.0 x

5.0 y

11.0 x

17.0 x

3m

With reference to the strain gauge placement; x, y, α, and β refer to the direction along which the strain gauges measure movement as explained in the paper and depicted in
Fig. 7

live to the internet. This real-time streaming of sensor data enables
us to continuously monitor landslide activity in Anthoniar Colony,
from anywhere around the globe. We then are able to report our
ﬁndings to the government authorities and the local residents, thus
promoting a feeling of security among the residents.
Data from the different sensors show a consistent pattern. The
soil pore water pressures, as measured by the piezometers, increase
after a particularly severe downpour or after periods of prolonged
rainfall of moderate intensity and decrease as the rainfall decreases.
The DMSs installed at L1 (with the shallowest water table) show that
the soil at this location is saturated through the main monsoon
season, while DMSs at some of the other locations reﬂect some
ﬂuctuations in their readings immediately after a rain shower,
indicating a temporary increase in the soil moisture content. The
geophone has shown fairly constant readings since its installation
during the pilot deployment.
Signals from the strain gauges show daily variations. These
ﬂuctuations can be attributed to corresponding variations in the
temperature of the surrounding soil. However, after a heavy downpour, a few strain gauges, especially those at a depth of 10.75 m at L5,
show signiﬁcant signal variations. These ﬂuctuations are most
probably caused by some movement underneath the ground surface.
The most pronounced variations in strain gauge data were seen
immediately after a severe downpour on 16 July 2009. Therefore, we

present sensor data from the period 10 July 2009–9 August 2009
(Figs. 17, 18, 19, 20, 21, 22, and 23). The amount of rainfall was recorded
every 24 h (Fig. 17), while data from the DEP sensors were sampled
every 30 s and then averaged over a 6-h period to obtain the graphs
shown in Figs. 18, 19, 20, 21, 22, and 23.
There was heavy rainfall in the state of Kerala during the month
of July 2009, and many rainfall-triggered landslides occurred in this
region. Daily rain data from Anthoniar Colony for the period 10 July–9
August 2009 are shown in Fig. 17.
In Fig. 18, data from the dielectric moisture sensors deployed at
L1, L2, and L4 are shown for the duration 10 July–9 August 2009.
(Please note that the DMSs at L3, L5, and L6 were connected to the
WSN only after 9 August.)
Both the DMSs at L1 show fairly constant readings throughout
this period. We computed the degree of saturation of the soil using the
DMS readings and the properties of the soil at L1 (we have tested
samples from this location in the laboratory). The readings from the
DMS at the depth of 0.8 m indicated that during this period, the soil at
L1 (at the foot of the hill) was saturated at the fairly shallow depth of
0.8 m. As expected (please refer Table 2), the readings from the DMS at
the depth of 3.1 m showed that the soil was saturated at this depth.
Thus, the two DMSs installed at L1 show constant, saturated
readings throughout the period shown in Fig. 18. The DMS installed
at L2 also shows fairly constant readings through most of this period.

Fig. 17 Anthoniar Colony rain data from 10 July 2009 to 9 August 2009
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Fig. 18 Dielectric moisture sensor data from 10 July 2009 to 9 August 2009

However, the DMS readings from L2 do show sudden ﬂuctuations
immediately after a heavy downpour, such as the rainstorms on 16,
17, and 18 July.
In contrast, the DMS at L4 does not show constant readings.
Rather, the DMS readings, or the soil moisture content, increase
immediately after a rain shower but decrease soon after. The position
of L4 may explain the continuous variations in the DMS readings. L4
is near the crown of the hill and is at a substantially higher elevation
than L1 and L2. Rainwater drains away and thus the soil moisture
does not attain a constant saturated value at a depth of 2.0 m.
There is a strong correlation between rainfall (Fig. 17) and the DMS
data from L4 (Fig. 18). Thus, we may be able to use DMSs installed in the
higher regions of the hill to estimate rainwater inﬁltration rates.
Data from the piezometers at L1, L2, L3, L4, and L5 are shown in
Fig. 19. While the piezometer at L3 was connected to the network only
on 24 July, the piezometer at L5 was disconnected from the network on
21 July for troubleshooting on the signal conditioning circuitries. The
piezometer at L6 was connected to the WSN only after the time period
shown in Fig. 19.
As seen in Fig. 17, there was initially heavy rainfall in the month of
July 2009, but the rainfall declined towards the end of the month.
Therefore, as expected, we initially see an increase in pore water

Fig. 19 Piezometer data from 10 July 2009 to 9 August 2009
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pressure, and then a decrease. Also as expected, we see the sharpest
increase in pore pressure soon after the heavy downpour on 16 July.
While all the piezometer data show the trend of increasing and then
decreasing pore pressure, in our opinion, the most interesting data are
shown by the piezometers at L4 and L5.
The piezometer at L5 is installed at a depth of 14.0 m. A steep increase
in pore pressure occurs when the water level reaches 2.0 m above the
piezometer. On studying our bore logs, we surmised that this steep
increase in pore pressure may be attributed to a water level that reaches a
soil layer with higher permeability above a soil layer of lower permeability.
Our bore logs for L5 record that the soil layer at depths of 9.8–11.7 m
consists of sand with pebbles, while the layer immediately beneath
consists of clay with silt and sand. Moreover, soil samples extracted from
depths of 10.4–11.4 m had lower densities (∼1.6×103 kg/m3) than the
average soil density at L5 (∼1.9×103 kg/m3). Consequently, it is possible
that this soil stratum has a higher void ratio as well as a higher
permeability than the stratum just below. Interestingly, of all the strain
gauges connected to our network, the L5 strain gauges installed at depths
of 10.75 m (that is, in the soil stratum discussed above) show the most
pronounced signal ﬂuctuations during periods of heavy rainfall.
The piezometer at L4 shows the smallest increase in pore pressure.
But L4 is near the crown of the hill, and the water table is deepest at this

Fig. 20 L1 and L3 strain gauge and geophone data from 10 July 2009 to 9 August 2009. In Figs. 20, 21, 22, and 23, the alphabet in parenthesis (x, y, α, and β)
refers to the direction along which the strain gauges detect motion as depicted in Fig. 7

location (Table 2). Rainwater has to percolate down a considerable depth
to replenish the water table at this location, and it is expected that the
increase and subsequent decrease in pore pressure will be least
pronounced here.
The geophone installed at L1 has shown fairly constant readings
(Fig. 20) throughout its operation. These readings indicate the
presence of only the usual ambient seismic noise and no unusual earth
tremor activity in and around the landslide area.
Strain gauge data are shown in Figs. 20, 21, 22, and 23. Occasionally,
signals from the strain gauges show a little disturbance immediately after
the strain gauge is connected to the network, but for the most part, the
signals only show a daily variation that can be attributed to changes in the
temperatures of the surrounding soil.
However, the strain gauge data in Fig. 23 show signiﬁcant signal
ﬂuctuations. These ﬂuctuations begin on 16 July 2009, and they may
indicate ground movement triggered by the downpours during the earlier
part of that day.
The L5 strain gauge 10.75 m(x) shows the most signiﬁcant
signal ﬂuctuations. The other strain gauges at a depth of 10.75 m
also show noticeable signal variations, indicating movement that
happened at a depth close to 10.75 m, and that movement

presumably had a large component along the x-direction. Strain
gauges 4.25 m(y) and 15.0 m(x) also indicate a slight movement,
but strain gauge 4.25 m(x) does not show any change in its
readings.
The instabilities caused by these movements seem to have
triggered further movement on 21 July, but probably in a
different direction, as indicated by strain gauges 4.25 m(y)
and 10.75 m(α). Eventually, the strain gauges ceased to show
unusual signal variations, possibly indicating that the slope
had stabilized at that period of time.
Conclusions
This paper describes the ﬁrst major study on ﬁeld instrumentation in the landslide-prone Western Ghats of India. This study
convincingly demonstrates that it is possible to install a
comprehensive wireless sensor network of deep-earth probes for
landslide monitoring. Compared with earlier approaches, ours is
the ﬁrst full-scale WSN consisting of a variety of sensors—
piezometers, dielectric moisture sensors, strain gauges, tiltmeters,
a geophone, and a weather station—with some of these sensors
installed at great depths.

Fig. 21 L2 strain gauge data from 10 July 2009 to 9 August 2009
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Fig. 22 L4 strain gauge data from 10 July 2009 to 9 August 2009

Our full-scale system has been in operation for more than
2 years; the deployment site is monitored remotely and in real
time over the internet, demonstrating the value of a WSN for
landslide monitoring. We have presented a description of the
deployment site (in the Western Ghats of India) as well as some of
the more interesting sensor data from the ﬁeld deployment.
Data from some of the dielectric moisture sensors show a
strong correlation with rainfall. However, as indicated in Fig. 18,
DMSs installed at lower regions of the hill show fairly constant
readings through the monsoon season, and thus we may not be
able to use readings from these DMSs to estimate pore pressures.
The piezometer data reafﬁrm the validity of the newer fully
grouted method of piezometer installation, which is a faster,
easier to install, and more fail-proof method.
Another important result of our study is that it shows that
inexpensive instruments such as strain gauges and dielectric
moisture sensors can be used successfully in landslide-monitoring
networks. Strain gauges buried at great depths show signal
variations indicative of slope movement. As part of our future
work, we plan to derive a more precise quantitative relationship
between these signal variations and actual slope movement.

Fig. 23 L5 strain gauge data from 10 July 2009 to 9 August 2009
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Based upon this study, we believe that the future of WSNs for
landslide monitoring is very promising, and the technology is
likely to develop rapidly over the coming years. We expect that
there will soon be newer wireless sensor nodes with improved
memory and computational (data storage and processing)
capabilities—thus, WSNs promise to become even more valuable
tools in monitoring environmental phenomena.
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