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Ageing Engineering InfrastructureAgeing Engineering Infrastructure

•• TunnelsTunnels
London Underground (LUL)

– Tunnels 75 – 100 yrs old
– Deterioration of linings
– Minimal clearance to tunnel wall
– Risks from 3rd party construction

•• Water Supply and Sewer SystemsWater Supply and Sewer Systems
Thames Water

– 31,000 km of pipelines
– ½ more than 100 yrs old, 1/3 more 

than 150 yrs old, ~30% leakage

•• BridgesBridges
Highway Agency/LUL/ Humber Bridge
– ~150,000 bridges in UK
– Critical links in road/rail 

infrastructure
– Deterioration
– Many structures below required 

strength

Difficulties in implementing RTM and 
RTC with conventional technologies
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Smart Infrastructure Projects
• Fibre Optics
• Micro-Electro-Mechanical 

Sensors
• Wireless Sensor Network

• Computer Vision
• Power Harvesting



Industrial Partners : London Underground Ltd, Tubelines, Metronet, Thames Water, Highways 
Agency, Yorkshire Water, Crossrail, CTRL, Singapore Land Transportation Authority, Prague Metro, 
Barcelona Metro, Humber Bridge, Southend-on-sea, Skanska, Arup, GCG, Ramboll, Mouchel, 
BuroHappold, Soldata



Major goal of this project: Generic/Pervasive sensor networks

� Sharing of equipment for monitoring of multiple types of infrastructures
� Exploit common characteristics of different infrastructures to advance sensor network design

SensorsSensors
LowLow--power, lowpower, low--cost cost 
Reliable performanceReliable performance

CommunicationsCommunications
Tiered structure and adaptiveTiered structure and adaptive
network topology network topology 
Scalable protocol design Scalable protocol design 
Efficient, secure and robust Efficient, secure and robust 

•• Data analysisData analysis
•• Device, networkDevice, network

& service management& service management
to Internet

EPSRC WINES II EPSRC WINES II 
Smart Infrastructure Wireless sensor network system  for conditioSmart Infrastructure Wireless sensor network system  for conditio n n 

assessment and monitoring of infrastructureassessment and monitoring of infrastructure



Humber Bridge

• Opened in 1981
• Longest suspension bridge in the UK
• Main cables composed of 14,948 – 5mm wires

• Condition of main cables is unknown



• London Underground
– Monitor area of lining deterioration
– Tiltmeters + crackmeters
– Optical fibre strain monitoring

• Prague Metro
– Assess long term impact of flood
– Two active monitoring locations

• Barcelona Metro
– wet areas
– oxidation of reinforcement
– cracks and fissures. 
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LUL Barcelona Metro Prague Metro



Large-scale deployment at Hammersmith
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Why WSN?

• Humber Bridge
– Long-term monitoring of unique object 

• London Underground, Highways Agency
– Large network
– Short-term monitoring

– Requires fast action to check



Risk Management

13

Probability of Failure

�

Number of death by the failure

Cost per person

Political damage

Cost of Maintenance and Repair



London Underground

• Background
– Spalling in deep tunnel

– Fresh and historical



Crackmeter (LPDT)Crackmeter (LPDT)

Crack Location

LPDT
for measurement

LPDT
for temp.
comp.

Crack

Range 12.5mm
MicaZ 10 bit ADC 
Resolution ~12mm



InclinometerInclinometer

2.0dB antenna
Inclinometer

Board
Main Battery

Mote

Angle Plate

Temperature &
Humidity sensor

Resolution 0.001o

Range 15o

External 16 bit ADC



London Underground WSNLondon Underground WSN

130 m

Repeater Hub

Ground Level

EthernetEthernet

GPRSGPRS
��������	���	��������	���	

�
����	���	�
����	���	

Bond
Street

Baker
Street

125 m 115 m

575 m
to Bond Street

1025 m
to Baker Street
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Ventilation Shaft

Balloon
(Linux Computer)

Gateway + sensors



InstallationInstallation



InstallationInstallation



InstallationInstallation



"�������
��#$�

Sensor LocationsSensor Locations ��
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Sensor Nodes
Inclinometer: 16
Crackmeter : 6

Relay Nodes 4

Gateway

 

1640 
1641 

1661 

1675 

1685 

1689 

1700 

1714 

Ring No. 

A 

H 
F 

M 

F-G 

L 
M 

D 

Inclinometer LPDT Relay Gateway 

Baker Street Bond Street 

D 

44.4m 



Gateway [Ring1685]

Inclinometer
[ID8921 Ring1689]

Inclinometer
[ID89D1 Ring1689]

Inclinometer
[ID8961 Ring1689]

Inclinometer
[ID8981 Ring1689]

Crackmeter
[ID8972 Ring1689]

Relay
[ID00D1 Ring1700]

Relay
[ID0021 Ring1700]

Inc. 
Inc. 

Inc. 
Inc. 

Crack. 

Sensor LocationsSensor Locations



• Principle 13: Deployment in harsh environments: 
you must ensure your sensors keep working and 
don't fall off.

• Principle 15: Sensor failures: you must be 
prepared for the unexpected to happen.

• Principle 16. You must be able to find out exactly 
what happened.

19 Principles by Stajano et al. (2010) 
Ad Hoc Networks Journal  



Comparison with VWSG



Movement Overview

~0.006o/month

~0.006o/monthCrack
No Change

1640

Joint
~-0.02mm/month

~0.030o/month

No Change

Joint
~0.008mm/month

1661
~0.020o/month

Joint
0.020mm/month

1689
~0.014o/month

~0.008o/month

~0.007o/month

Joint
0.080mm/month

1714
~0.015o/month

~0.015o/month

~0.040o/month

No ChangeCrack
~-0.035mm/month



Installation Plan (Prague Metro)Installation Plan (Prague Metro)

30m 100m 170m
StationStation

GPRSGPRS

BALLOON
(Linux Computer)
BALLOONBALLOON
(Linux Computer)(Linux Computer)

Repeater HubRepeater Hub GATEWAYGATEWAYGATEWAY
Hopping TrialHopping Trial

EthernetEthernet

SENSOR SECTION   SENSOR SECTION   X 1X 1

Tiltmeter

Crackmeter
X 4

Tiltmeter Tiltmeter

Tiltmeter

Tiltmeter



• Principle 4: Radio is like voodoo: it affects you 
even if you don't understand or believe it.

• Principle 5: Radio propagation modelling: to 
minimize the number of nodes to be deployed 
you need an accurate, efficient and robust 
propagation model.

19 Principles by Stajano et al. (2010) 
Ad Hoc Networks Journal  





Network topology of the WSNs with all links 

Prague

London
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the below 10%, � :Sensor, � :Relay and � :Gateway)



Network topology of the WSNs with all links 

Prague

London

(Red arrow: links with the above 50%, Magenta arrow: links with the below 50% and above 10%, Blue arrow: links with 
the below 10%, � :Sensor, � :Relay and � :Gateway)
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• Principle 2: Planning for shortest deployment 
time: ensure the multi-hop network will achieve 
end-to-end connectivity within a reasonable time.

• Principle 3: Assume access time to the site will 
be limited: you must plan in advance where to 
put the nodes.

19 Principles by Stajano et al. (2010) 
Ad Hoc Networks Journal  



Sensor deployment at a tunnel

“Warning area” for cracks

GatewayAdd relays

� Communication distance
� Number of relays
� Other criteria

Sensors



Problem Description (Input)

: sensor     : gateway     : candidate for relay deployment  

Other Input data
Energy consumptions for each node
Energy Capacity for each node
Data volume for each node
Cost for each relay deployment
Budget for relay deployment

Our Goal
Determine the deployment of relay and 
the transmitting paths for each sensor 
data   so as to maximize the network 
lifetime under the several constraints.





Radio Propagation in Tunnels

Bond T1Bond T2Bond T3

Site Measurements:
Aldwych Tunnel (T0)
- T0: Cast Iron (178m)

Bond Street (T1 T2 T3)
- T1: Concrete Straight (178.2m) + Cast Iron (21.8m)
- T2: Cast Iron Curved (121.2m)
- T3: Concrete Curved (108.6m)



Location

Hammersmith Station
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Hammersmith Station deployment

Deployment consists of 
104 Iris nodes

• the station network 
consists of 44 nodes:

• The bridge network 
consists of 60 nodes

• Connects to gateway in 
Hammersmith Station



Platform Face Inclinometers



Retaining Wall Inclinometers

Inclinometers at two 
heights on wall for 
comparison



Relay Motes & 
Gateway

Gateway



Hammersmith Flyover

Relay Nodes
(h ~ 4m)

Relay Nodes
(h ~ 4m)

Upper Level Nodes 
(h = 4m – 4.6m)

Mid-level Nodes
(h = 3.2m)

Lower Level Nodes
(below grade)



Backend Application

• Web-based 
interface

• Google Earth and 
Map-based display

• Allows for user 
specified alerts

• Java-based 
graphing of data



T

P

I

O

F

N

J
Q
B
G
H

M

E

S

A

C

Receiver

Computer

CTRL Upline
CL

CTRL Downline
CL

Ventilation
Shaft across
the Road
from H&I

Note:
Distance between
Sensor Unit T and A =
62.9 m

Victoria Line
(Northbound)
Expanded Concrete
Segments

CTRL - Field Test: October 2003-February 2004

Victoria Line Northbound

Typical Sensor Node



InclinometerInclinometer

Bolt

Bolt Bolt

Bolt

2.0dB antenna

Inclinometer
Board

Main Battery

Mote

Angle Plate

Temperature &
Humidity sensor
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G. Sebald, E. Lefeuvre, D. Guyomar, “Pyroelectric Energy Conversion: Optimization 
Principles” IEEE Transactions on Ultrasonics, Ferroelectrics, and Frequency
Control, 55, 3, pp. 538-551, 2008

Laptop                              10's W

Cell Phones                        1's W

Ipod nano                    100's mW

Bluetooth Class 2           2.5 mW

Hearing aids                      1 mW

RFID tags                         10 uW

Electronic Watch               1 uW 

Sensor nodes

15mW for wireless 
communication
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Ferriby Road Bridge network



Vibration – Tunnels, Bridges
Water pressure fluctuation in water mains
Temperature difference, etc.

NEPTUNE PROJECT



To be successful…

• Cheap

• Low power consumption

• Reliable for long-term 

• Safe, Safe and Safe



Safety Documentation submitted to LUL (168 pages)



Thank you.


