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ABSTRACT— 

Currently extensive studies are going on into data reduction and energy minimization in 

Sensor Networks for landslide detection. What started as a simple homogenous network of 

rainfall sensors has evolved into a complex heterogeneous network of 20 wireless probes 

with each probe consisting of four different types of sensors to measure rainfall, moisture, 

pore pressure, and movement, all of which have been in continuous operation for more 

than two years in the equatorial forests of Kerala, India. Each probe run son solar power 

and the frequency of sensor data measurements from the probes is dynamically and 

adaptively throttled in real-time, based on climatic conditions to minimize the total energy 

Consumption. The probes also work together to identify who among them is sensing the 

maximum parameter, after which all other sensors are switched off for a predetermined 

duration. We present detailed analysis of data reduction and energy savings, and also 

relate them to the effectiveness of landslide detection. The whole system was validated by 

the issuance of a landslide warning in the month of July (last monsoon season),which 

facilitated pre-emptive action by the local government and community to prevent loss of 

human life. 

 

Index Terms—Sensor networks, rainfall monitoring, landslide detection, data reduction, 

energy minimization, wireless mote. 

 

 

 

 

I. INTRODUCTION 

 

The initiation of sensor networks and wireless technologies offers the capability of quick 

capture, processing, and transmission of critical disaster data in real-time from inaccessible sites, 

incurring minimum maintenance as well. India faces rainfall-induced landslides every year with 

a largethreat to human life and an annual loss of U.S. $400 million. 

A landslide is a short lived and suddenly occurring phenomenon, and its causative factors 

can be accumulated rainfall, moisture and pore pressure saturation in the soil, or a steep slope 

angle, among others. This research focuses on sensor Networks for detecting landslides, paying 
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particular attentionto data reduction and energy minimization. The entire system evolved from 

first a network of homogeneous sensors, then a Network of dual sensors, followed by a tri sensor 

network, and ultimately a quad sensor network. 

All of the above sensors use solar power for their energy needs. Solar power tends to rapidly 

diminish during the rainfall season. Hence minimizing the energy becomes an overwhelming 

priority for sustained operation of the network, particularly 

During the imminence of landslides. This indeed is the goal of this paper. Using a 

heterogeneous wide area network consisting of Wi-Fi and long-haul satellite, we have collected 

extensive data regarding the rainfall, moisture, pore pressure, and Movement in the earth for the 

past two years. Based on energy considerations, we have experimented multiple policies for 

throttling the frequencies of data measurement of the climate parameters, without unduly 

impacting the efficacy of landslide detection. We then compute statistically significant 

parameters such as maximum and identify the sensor(s) generating the maximum. All other 

sensors except the ones generating the maximum are switched off for a forecasted duration, so as 

to further minimize energy. We have implemented these energy minimization algorithms in 

Multi-Sensor Probes (MSPs) each consisting of a group of four sensors (rainfall, moisture, pore 

pressure, and movement),a wireless mote and a processing unit. Twenty such MSPs are 

embedded 25m deep into the earth over a seven acre region in the hilly equatorial forest of 

Kerala, India. We also present lessons learnt from deploying sensor networks in remote 

inaccessible Regions and inclement climatic conditions. Fortunately for us, this entire research 

project fructified into a truly 24 × 7operational system that culminated in the delivery of 

lifesaving landslide warnings, heeded and appreciated by the local Community, media and the 

governmental administration during the recent monsoon season. 

This research was carried out as part of the WINSOC(Wireless Sensor Networks with 

Self-Organization Capabilities for Critical and Emergency Applications) Project, an International 

endeavor that was funded by the European Commission under the FP6 program with eleven 

partners including University of Roma, EPFL, UPC Barcelona, etc. Amrita University has taken 

the lead in the WINSOC Project to design, develop, and deploy the sensor network for real-time 

landslide detection. In the rest of the paper, after relating to previous work in Section 2, Section 3 

takes us through the development of the single, dual, tri, and quad sensor networks, a detailed 

analysis of their data generated, energy behavior and their effectiveness in monitoring and 

detecting landslides. Section 4presents dynamic throttling techniques to reduce the frequencies of 

sensor measurements, thereby diminishing the data generated and the energy consumed by each 

sensor.  

Section 5presents how maximum value computation reduces data and energy, thereby increasing 

the battery life. Section 6presentsdeployment of 20 such MSPs in a landslide prone area and the 

overall network architecture leading up to our University laboratory located about 300 km away 

from the field. The paper concludes after presenting the performance & validation of the system 

in Section 7. 

 

II. RELATION TO PREVIOUS WORK 

Sensor networks have been an active research area for almost a decade. Environmental 

monitoring, as well as energy conservation have been significant priorities in many of these 

studies. Some of the earliest schemes propose keeping sensors on only when there is data [for 
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example, Ye, Heinemann, and Estrin].Another popular technique to reduce data is by 

aggregation and fusion [He, Blum, Stankovic, and Abdelzaher], [Beak,Veciana, and Su]. Sensor 

networks for (i) slip surface monitoringhave been proposed by Terzis, Anandarajah, Moore, and 

Wang, (ii) flood monitoring by Kuang, Quek, and Mallej,(iii) active volcano monitoring by 

Werner-Allen, Lorinez,Welsh, Marcillo, Johnson, Ruiz, and Lees, (iv) forest fire monitoring by 

Hefeeda and Bagheri, (v) drought monitoring by Kung and Hua, (vi) wireless soil ecology 

monitoring by Musaloiu, Terzis, Szlavecz, Szalay, Cogan, and Gray, (vii) coalmines monitoring 

by Unnikrishnanet al.However, there are no studies that have systematically quantified the 

effectiveness of different types of sensors for monitoring disasters, particularly, landslides. 

Further, there are no studies reporting adequate amounts of data from real field deployments. Our 

distinguishing contribution is to present studies from significant amounts of data collected from a 

realworld field deployment that has been kept operational for sufficiently long duration amidst 

inclement weather conditions. We analyze each sensor for its data generated and energy 

consumption, then compute its sustainability for the entire monsoon season, and correlate the 

predictability of landslides from the sensor data. Thereafter, we propose techniques 

todynamically throttle the data collected, with the goal of minimizing energy consumption 

without diminishing the effectivenessof landslide monitoring. 

 

II. SENSOR NETWORKS FOR LANDSLIDEDETECTION AND MONITORING 

 

When we embarked on developing a sensor network to monitor and detect landslides, our 

first task was to determine which sensor (or sensors) to use. Since landslides are commonly 

triggered by intense downpours or prolonged medium intensity rainfall, our first choice was a 

tipping bucket type rain gauge as the sensor (Fig. 1). Energy conservation, being our dominant 

priority in this paper, we started with a systematic study of the power consumption of this sensor 

when deployed in the field. 

 

A. Single Sensor Network 

One tipping bucket type rain gauge was mounted on a pole above the land surface. The 

tipping bucket rain gauge was connected to a wireless mote through a data acquisition board, and 

the sensor data was transmitted to our university laboratory located 300 km away via a sequence 

of Zigbee, WiFi, and VSAT (satellite) networks, with intervening gateways. The rain gauge 

sensor was programmed to collect and transmit rainfall levels at various sampling frequencies. 

For therainfall received, the data transmitted by the sensor network, energy consumed per day, 

and battery lifetimes for various sampling frequencies are presented in the graphs labeled “single 

Sensor” in Fig. 2. Using the symbols listed in Table I,the daily energy consumed is computed 

from the sum of the sensor sampling energy (Esmp), and the wireless transmission energy (Exmt * 

Bsmp), both multiplied by the number of samples per day, as indicated by (1) 

Eday= Sday(Esmp+ BsmpExmt) (1)The battery lifetime, in the monsoon season, of this system 

isgiven by the equation, Dli f = Ebat(Eday− Echg)(2)where Echg is the daily average energy 

restored by solar charging (generally computed as the total charge accumulated by a battery 

during the rainy monsoon season divided by the number of rainy days).For a range of sampling 

frequencies from 1/sec to1/hour, sensor data collected ranges from 4.3 MBytes/day to1 

KBytes/day, the energy consumed ranges from 134.353Watthours (Wh) per day to 38.02milliWh 
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per day, and the battery Shows the data transmitted, energy consumed, and battery lifetimes for 

single, dual, tri, and quad sensor configurations. TABLE ISYMBOLS USED IN THE PAPER 

lifetime ranges from 17 minutes to 26.29 days. The cost of the setup including the tipping bucket 

rain gauge and the wireless mote comes to $150. All of the values are obtained from real rainfall 

data from the field. While using the rainfall data for predicting landslides, threshold based 

approach is the most recommended. For our type of terrain, geoscientists have proposed rainfall 

threshold of 120 mm/day [Caine] - however, in our observations (owing to paucity of space, we 

have not given the elaborate rainfall measurements collected over the past two years), there are at 

least 50% of the instances when the rainfall has exceeded this threshold, but the landslides have 

not occurred. There is no exclusive direct correlation between rainfall intensity above The 

threshold and the likelihood of occurrence of landslides. 

So in other words, for any given threshold, there is no definite Probability of landslide. 

This means that there are other factors In addition to rainfall that need to be considered. The next 

Significant factor that appears to influence landslide is moisture Content variation. Further 

studies reveal that rainfall only gives measure of the inflow of water, but no information on how 

Much of that water infiltrates into the soil. In order to obtain This information, it is required to 

know the moisture content Of the soil. 

 

B. Dual Sensor Network 

We added a second sensor: the Dielectric Moisture (DM)sensor embedded within the soil 

layer and the DM measures the level of wetness as the water penetrates the soil. The DM sensor, 

shown in Fig. 1, was placed vertically down as far as three meters in order to test the infiltration 

within thesoil layer, and then attached to the data acquisition board and the wireless mote. As 

before, we investigated the data generated, the power consumed, and the overall costs associated 

with placing two sensors and the accompanying network. The results are presented in the graphs 

labeled “Dual Sensor” in Fig. 2. For a range of sampling frequencies from 1/sec to 1/hour, the 

data transmitted ranges from 10 MBytes/day to 2 KBytes/day,1558 IEEE SENSORS JOURNAL, 

VOL. 14, NO. 5, MAY 2014the daily energy consumed ranges from 268.735 Wh to105.340 milli 

Wh, and battery lifetime ranges from 9 minutes 

to14 days. The cost of the setup also increases to $380.With the moisture sensor data at hand 

we can try and predict the landslides better using dual thresholds, Rainfall threshold is set at 120 

mm/day as before, and the moisture threshold is set at 50% volumetric water content [Caine] - 

which is the saturation value above which landslides are observed. These two types of sensors 

acting together help us to better predict landslides. For example, out of the times both sensors 

exceed their respective thresholds, 70% of the time, landslide is observed to occur. This accuracy 

of prediction is certainly better than rainfall sensors alone, but we went further to see if it can be 

improved. Moisture sensors tell how much of the rainfall water is actually seeping through the 

soil layers but don’t indicate how much water is being retained in the soil layers, is draining out, 

or filtering down. So, we opted to usea third sensor to measure the water-induced pressure 

buildupinside the soil, called pore pressure, as this pressure could very well trigger a landslide. 

 

C. Tri-Sensor Network 
The piezometer (either the vibrating wire type or strain gauge type) shown in Fig. 1 is 

used for measuring the round water pore pressure. As pore pressure increases, the rainwater 



International Journal of Computer Application                 (Special issue- Issue 5, Volume 2 (January 2015)                   

Available online on http://www.rspublication.com/ijca/ijca_index.htm                             ISSN: 2250-1797 

CONFERENCE PAPER 
 

National level conference on 
 "Advances in Networking, Embedded System and Telecommunication 2015(ANEC-2015)" 

On 6-8 Jan 2015 organized by 
                   " G.H.Raisoni College of Engg. &   Management, Wagholi, Pune, Maharashtra, India."  

Page 111 
 

infiltration on a slope can lead to slope instability. We decided to use both versions of the 

piezometer. So now the sensor mote had three sensors attached to it: the rain gauge, the 

dielectricmoisture (DM) sensor, and the piezometer. The piezometerwas placed along with the 

dielectric moisture sensor embedded within the soil, and attached to the data acquisition 

board.The pore pressure measurements are presented in the graphs labeled “Tri Sensor” in Fig. 

2.For a range of sampling frequencies from 1/sec to1/hour, the data transmitted ranges from 15 

MBytes/dayto 3 KBytes/day, the daily energy consumed ranges from403.38 Wh to 160 milliWh, 

and battery lifetime ranges from5 minutes to 6 days. The cost of the setup rises to $1050 if a 

strain gauge type piezometer is used, otherwise the cost will increase to $3720 if a vibrating wire 

type piezometer is used. Since our goal was to build a system capable of issuing advanced 

warnings, the tri-sensor system served to further improve landslide prediction to about 80% 

accuracy. But it certainly did not offer false-proof prediction. Although pore pressure sensors tell 

how much of the rainfall water is being retained within the soil slopes and layers, they do not 

indicate if the slopes or layers are moving, and such movement may act as a trigger to initiate a 

landslide. We wanted to be able toindicate if such a situation was imminent, so it was decided to 

add a movement sensor. 

 

D. Quad Sensor Network 

To capture the soil movements caused by the slope and soil layer instability, three 

different movement sensors can be used individually or combined: the strain gauge, the tilt 

meter, and the geophone. The purpose of the tilt meter is to capture the change in angle of the 

soil layer during slope instability while the purpose of the strain gauge is to measure the strain 

experienced in the soil layer during the slope instability. The purpose of the geophone is to 

measure the vibrations generated during slope instability. When comparing the three sensors, the 

output from the tilt meter sensor is easily understood with minimal processing, and the signal is 

only minimally compromised by noise. Both the tilt meter and the strain gauge need excitation 

power, but the geophone sensor is self-excited. The geophone requires relatively high data 

sampling rates, which leads to a higher bandwidth requirement. The data from the quad sensor 

was collected and transmitted at various sampling intervals - the results are presented in the 

graphs labeled “Quad Sensor” in Fig. 2. Now, as the sampling rate decreases from 1 sample per 

second to 1 sample per hour, the data transmitted ranges from 20 Mbytes/day to 4 Kbytes/day, 

and the daily energy consumed ranges from 539.382 Wh to215 milliWh, and the battery lifetime 

varies from 3.8 min to412days. The cost of the setup also increases to $2550 or$5220 according 

to the type of piezometer and the movement sensors selected. Fig. 2 shows how much data is 

transmitted in single, dual, tri and quad sensor network. 

 

IV. ENERGY MINIMIZATION: SIMPLE FREQUENCYREDUCTION TO DYNAMIC 

THROTTLING 

In order for a sensor network to be practically deployable in the field, the life time of the 

solar battery deployed should last at least the several months (four to six at minimum)of 

monsoon rainfall season. However, in order to achieve this increase in battery life time, if we 

were to reduce the energy consumption in the quad sensor setup by reducing the sampling 

frequency of all the sensors, we will end up with just a few samples per day, or even one sample 

every few days. Clearly, this is not acceptable, because it may make the sensor network 
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vulnerable to missing occurrences of landslides, thereby voiding the very purpose of the setup. 

Now, we will investigate some techniques for dynamically throttling the rates of sensor sampling 

and transmission, so as to significantly reduce the energy and increase the battery lifetime, 

without impacting the effectiveness of landslide monitoring and detection. 

 

A.Threshold Level Sampling (TLS) 

In this technique, sensors sample and transmit only when the individual sensor values 

exceed their respective thresholds. The data transmitted under this policy ranges from500 

Bytes/day to 350 Bytes/day and total energy consumed by each quad sensor could be obtained by 

taking Equation (1),Eday= Sday(Esmp+ BsmpExmt), and substituting Sday=Number of times 

the threshold value is exceeded in a day. Applying this on real rainfall data, the threshold ranges 

start with the tulle [rainfall, moisture, pore pressure], set at [20 mm,0%, 0 kPa], labeled Low 1, 

and increase up to [00 mm,100%, 60 kPa] for High 4, with almost equal intervals in-between. 

From the figure, it can be seen that energy consumed varies from 21 millWh to 14 milliWh, and 

the threshold level sampling (TLS) improves the battery lifetime to about 43 days at the lowest 

threshold level and up to 63 days at the highest threshold level. 

Next, we tried an adaptive approach among the different sensors to further reduce the 

energy. In this approach the rainfall sensor threshold was set at its respective 

value(corresponding to each of the levels Low 1 to High 4), but the moisture and pore pressure 

thresholds were activated only when the rainfall sensor crossed its respective threshold. This 

sensor approach reduces the energy to about 6 milliWh to2.25 milliWh, and increases the battery 

lifetimes to 150 daysat the lowest threshold levels and to ∼400 days at the highest threshold 

levels, with very little chance of missing any landslide occurrences. Here the data transmitted 

ranges from150 Bytes/day to 55 Bytes/day. It should be noted that in this paper, we have not 

dealtwith how thresholds are set for the various climate parameters. Such a discussion would 

require going into the geotechnical aspects of landslides, clearly out of scope of this publication. 

However, for purposes of the sensor network, it suffices to say that the climatic 

parameters’ thresholds can be set in one of two ways: (a) If historical rainfall and landslide data 

for adequate number of prior years is available, the lowest observed rainfall leading to a 

landslide (however minor it maybe), can be used to set the threshold values. (b) In the absence of 

historical data, the threshold values can be arrived at by using theoretical landslide models 

applied on soil properties. Both of these approaches which fall more within the scope of earth 

sciences are discussed in our companion papers [Rameshand Vasudevan], and are not elaborated 

further in this paper,which focuses mainly on wireless sensor networks and their energy savings. 

C. Differential Forecast Sampling (DFS) 

In the event of availability of a historical rainfall and other climatic data a forecast model 

can be used to predict imminent rainfall and other parameters. The forecast value can be as 

simple as the repeat of the previous value; alternatively, a statistical mean of prior years’ 

measurements can be used as the forecast value. A forecast server at the command and control 

center computes the forecast values and 

transmits them at set intervals to the sensor network. The sensors transmit only if their current 

actual sampled measurement differs (by a set threshold) from the received forecast value, and 

furthermore, only the difference is transmitted. The total energy consumed by each quad sensor 
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will nowhave an additional factor, Ercv, which represents the energy consumed by the sensor 

node to receive the forecast value,in addition to Eday, given by (1). This could be expressed as 

(3),Edfs= Sday_Esmp+ B_smpExmt_+ SdfsBsmpErcv (3) 

where Sdfs is the daily number of forecast values received, Sday is the (average) number of times 

the forecast differential exceeds the threshold in a day and B_smp_ Bsmp.DFS yields, the least 

daily data (75 Bytes/day to25 Bytes/day), energy consumption (3 milliWh to 1 millWh),and 

therefore the maximum battery life (300 days to 850 days).We have also investigated many other 

threshold setting policies such as rate of change of pore pressure (which measures pressure 

exerted by water trapped between soil particles), but we have had to omit them from this 

paperdue to space constraints. Fig. 3 shows the amount of1560 IEEE SENSORS JOURNAL, 

VOL. 14, NO. 5, MAY 2014Fig. 4. Energy consumed and battery life for sensor networks (a) 

transmitting all sensor values versus (b) transmitting peak values only, showing the phenomenal 

savings.data transmitted and reduced using TLS, A-TLS and DFS schemes. 

 

V. DATA AND ENERGY MINIMIZATION VIAPEAK ONLY TRANSMISSION 

The Multi-Sensor Network (MSN) for landslide monitoring and detection requires real-

time data collection, processing, and transmission for long time periods, sometimes even several 

years. The sensor network is constrained by limited energy 

availability to perform these tasks. The primary objective when designing a network of multiple 

sensors - whether rainfall sensors, moisture sensors, pore pressure sensors, strain gauge, tiltmeter 

or geophone, is to minimize energy consumption, which is directly related to the data 

transmitted. We propose an energy minimization alternative:  

 

 

VI. CONCLUSION 

 

We have designed, developed, and deployed a multi-sensor network for monitoring 

landslides in the Potential Risk area like Himalaya Belt, Forest Area of India. With data 

reduction and energy minimization always in the back of our minds, we have evolved the 

network starting from a set of homogeneous sensors, then into a network of dual sensors, 

followed by a tri sensor network and ultimately a full-fledged quad sensor network. We have 

then proposed energy minimization mechanisms and their implementation via cooperative and 

coordinated action by each of the sensors. The network with all of our techniques will deliver 

real warning to the local community during heavy rains in the monsoon season. System is being 

extended to other landslide prone areas such as the Himalayas, and is also being adapted for 

flood, avalanche, and other environmental monitoring applications with suitable modifications. 
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