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ABSTRACT [5]. Active research is being done in the use of wirelessmess-
In this paper we describe the development and deployment of atems for structural and environmental monitoring. In thaper, we
wireless sensor network (WSN) to monitor a train tunnelmiyed- discuss a wireless sensor network (WSN) based tunnel nimgto
jacent construction activity. The tunnel in question is & péthe application.

London Underground system. Construction of tunnels bt

existing tunnel is expected to cause deformations. Theategele- 2 TUNNEL MONITORING APPLICATION

formation values were determined by a detailed geotechaizdy-
sis. A real-time monitoring system, comprising of 18 segsinits 2.1 Background

and a base-station, was installed along the critical zorleeofun- The wireless sensor system developed was deployed in arsetti
nel to measure the deformations. The sensing units reparitata the London Underground tunnel system near Highbury & Isling
to the base-station at periodic intervals. The system wed f& ton Station. Adjacent construction activity was expectedduse

making continuous measurements for a period of 72 days. This deformations in the existing tunnel and a potential discupbf

window of time covered the period during which the tunnelibgr  the tunnel services. The construction activity comprisedam-

machine (TBM) was active near the critical zone. The demloye stryction of two tunnels (dia 8.1 m) using a tunnel boring hiae

WSN provided accurate data for measuring the displacenaents  (TBM) beneath the existing tunnel. These tunnels were aopéire

this is corroborated from the tunnel contractor’s data. Channel Tunnel Rail Link (CTRL) project and run from Stratfo
station to King’s Cross station.

Categories and Subject Descriptors

C.2.1 [Computer Communication Networks]: Wireless Commu-
nication; C.3 Bpecial-Purpose and Application-Based Systerpis
Embedded Systems

The most likely deformation that the tunnel could undergs sag-
ging with the most vertical displacement directly above tbe-
struction activity. The other possible deformation beihg bval-
ization of the tunnel’s critical cross-section. The caticross-
section was directly above the construction activity. Tkeeeted
General Terms vertical displacements, obtained by a geotechnical aisalyere
Design, Deployment between 10-30 mm depending upon the soil volume loss. The ex-
pected deformation due to ovalization of the critical cresstion
was between 1-3 mm.

1. INTRODUCTION

The existing state of infrastructure needs to be known tdyagmy . .

repair techniques. Monitoring systems are commonly uséddw 2.2 Goals of the monitoring activity

the existing state of the infrastructure. Nearly all moriitg sys- The goal of this endeavor was to use a wireless sensing system
tems in Civil Engineering are wire-based systems. The pyma Measure vertical displacements and hence evaluate thetipote
purpose of the wires is for data communication, and may agso b WSN for infrastructure m_onitoring. Electrole_vels are coamty
used for powering the sensors. Wire-based systems aresivpen  Used to measure the vertical displacements in a tunnel. eTares

to install and maintain, and instrumenting an existingctree with sensitive instruments that measure slope. Slope is intesjaver
a wire-based system has some practical difficulties. Wseteon- length to get displacement. The electrolevel system is exn-
itoring systems, to a great extent are devoid of these prbl@e- dant and is expensive to install. Moreover, the errors ipesimea-

ing modular in nature, these systems can be moved to new loca-Surement get accumulated in calculating the displacem@mtshe
tions as needed. The availability of low-powered and cheap-c  Other hand, a wireless sensing system would be much cheager a

puting power (microcontrollers, DSP chips etc.), radigjirency ~ €asier to install. The main challenge of developing a sensys-
(RF) integrated circuits, and the development of new wirefian-  tem was the limited “design” and "test” time available. Thiale
dards has fueled interest in wireless sensor systems. asfreken-  System had to be developed and tested before a “strict” headl

sor technology is one of the promising technologies of tharéu

*This material is based upon the work supported by The Campérid 3. DEVELOPMENTAND DEPLOYMENT DE-
MIT Institution (CMI):New Technologies for Condition Asse TAILS
ment and Monitoring of Ageing Infrastructure In order to monitor the vertical displacements, a wirelesssing

Tsivaram Cheekiralla is a Graduate Research Assistant #tthe  System was developed. One of the main requirements on the tec
tolD labs, MIT. nology was non-obtrusiveness as there is little room in timae|



outside the dynamic envelope of the train. This ruled oupthesi-
bility of using existing technologies like laser-basedveying in-
struments for measuring displacements. Commercial effstielf
(COTS) wireless sensing systems that were considered aga M
[4] motes and i-Beans [3]. Each of them had limitations which
made us to develop our own wireless sensing system. Thdedktai
design and development of the sensing system can be foud in [
1].

The wireless sensing system consisted of 18 sensing UiEts (s
15 cm * 10 cm * 7.5 cm), a base-station and a hydraulic referenc
line; each sensing unit consists of a pressure transduc@geun-
troller, RF transmitter and signal and power conditioniagdware.
Each unit was powered by 6 C-cell alkaline batteries. Theiagn
units were connected to the hydraulic reference line that laial
out along the critical zone. The sensing units measuredlibe-a
lute pressure at various points on the hydraulic refereinee The
vertical displacements were calculated using the relatiaage in
pressure. One of the sensing units (one farthest from thetremn
tion activity) was used as the reference for calculating phes-
sure changes. The base-station was a RF receiver unit dednec
to a laptop, which was shelved in an access shaft near theltunn
Since, the train tunnel was operational, the system wasogegl
during the engineering hours of the tunnel. The enginedrngs
are a four hour window (1 am to 5 am) every night when the trains
are not operating. It took four days and two persons to ihttal
whole system. The system was operational from October 103 20
to December 29, 2003.

Each sensor unit collected a pressure reading from thedars
every 10 seconds, temperature and voltage supply to thewery
minute, and transmitted these readings to the base-statimdata
was packeted using a pre-defined format and was sent to tee bas
station using the RF transmitter. The base-station laptoed
the data on its hard-disk and also transmitted this data ¢or@te
server using a wireless modem. The base-station perforhreed t
calculations to measure the displacements from the pessad-
ings. These readings were not corrected for temperatueetsff
Post-processing was done to calculate the displacemgnts [1

4. RESULTS

The first TBM (up line tunnel) passed the site 28f" October,
2003. The centerline of this tunnel passed below approsinat
the 53 meter mark of our horizontal alignment scale. The ntgjo

of the collisions that occur when two transmitters try tongnanit
data at the same time. This could have been avoided by using an
appropriate medium access control (MAC) scheme. Becaube of
time constraint in designing the whole system, this was ooedIn
order to avoid a cyclic pattern of collisions, the sensinganwere
programmed so that they send data at a random interval wathin
window of 0.5 milliseconds after the microcontroller calie data
from the pressure transducers. This decreased the likelibbtwo
transmitters sending the data at the same time. But this atasufy
ficient as is evident from the data loss. The data during tirgbt
hours, after being corrected for temperature effects aedspire
spikes, provided results which were steady to within a mitier
over a period of several days. Pressure changes in the teunsd
noise of several millimeters in the readings during the btloat the
trains were operating. On the longer term, there was a drifee-
eral millimeters. For the present application, where trstesy had
to monitor a sudden event of TBM passing, an accuracy of 1 mil-
limeter was sufficient. The six C-cell alkaline batteries gach
sensor for approximately two months before the voltage piedp
too low to provide five volts to the circuit board. This wasfsuf
cient to cover the two events [1].

5. CONCLUSIONS

A wireless sensing system to monitor displacements wagjioledi
and deployed that provided good correlation with the cantrés
data. It was simple to install and no maintenance of the Byste
was required during the monitoring period. The system caimbe
proved by using an RF transceiver instead of the RF transmit-
ternatively, the Mica motes with sufficient modificationsweim-
prove the communication and power-management of the ssele
sensing unit. For future monitoring applications, theseriwe-
ments will provide more fine-grained data. This endeavoisho
that wireless sensor networks have a great potential faastruc-
ture monitoring applications.
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